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Die Entwicklung von Lasern der Petawatt-Klasse über die letzten Jahrzehnte hat zu einer Reduk-
tion von Größe und Preis der Systeme geführt. Diese Entwicklung begünstigte eine weltweite
Verbreitung derartiger Laser an verschiedensten Anlagen zur Untersuchung von extremen Mate-
riezuständen. Aufgrund der mit Petawatt Lasern erreichbaren Energiedichten, können diese für
die Beschleunigung von Teilchen, als Treiber in der Trägheitsfusionsforschung und zur Strah-
lenterapie verwendet werden. Des Weiteren finden diese Systeme Anwendung als sekundäre
Quellen zur Erzeugung von Röntgenstrahlung, Ionen, Elektronen, Protonen und Neutronen.
Dieses breite Anwendungsfeld führte zur Verwendung von Lasern der Petawatt-Klasse in staatli-
chen, sowie in universitären Einrichtungen. Hohe Repetitionsraten der Lasersysteme sind dabei
sowohl für die Verwendung als direkte Quellen als auch als indirekte Quellen notwendig, um
eine schnelle Reproduktion der Ergebnisse und belastbare Statistiken der Messdaten zu gewär-
leisten.
Während Niederenergie-Petawatt-Laser mit Pulsenergien unter 100 J bereits in kommerzieller
Form zur Verfügung stehen und Repetitionsraten größer als 1 Hz bereitstellen, ist die Repetiti-
onsrate von Hochenergie-Petawatt-Lasern mit Pulsenergien über 100 J durch das Kühlverhalten
der verwendeten Verstärkermaterialien begrenzt. Die meisten Hochenergie-Petawatt Systeme
verwenden in ihren Hauptverstärkerelementen auf Glas basierende Verstärkermedien mit Aper-
turen über 20 cm, um die auftretenden Intensitäten im System zu minimieren und der Beschä-
digung optischer Elemente vorzubeugen. Die niedrige Wärmeleitfähigkeit von Glas führt dabei
zu thermischen Equilibrationszeiten der Verstärkermedien im Bereich von Stunden, welche mit
einer niedrigeren Repetitionsrate korrespondieren.
Ziel dieser wissenschaftlichen Arbeit ist die Entwicklung eines glasbasierten Verstärkerelements
für Hochenergie-Petawatt-Laser, welches über ein aktives Kühlverfahren die thermische Equi-
librationszeit des Verstärkermediums reduziert um eine Verbesserung der Repetitionsrate des
Lasers zu erreichen. Die angestrebten Repetitionsraten liegen dabei im Bereich von 1/5 min−1
bei einem Verstärkungsfaktor von 1.5, mit einem Fokus auf einer hohen Qualität und Reprodu-
zierbarkeit der transmittierten Wellenfront.
Zu diesem Zweck wurde ein Konzept verwendet, welches einen laminaren Kühlmittelfluss zwi-
schen zwei Verstärkerscheiben nutzt, um die thermische Last der Scheiben zu reduzieren.
Eine Reihe von Kühlmitteln wurde auf ihre thermischen, kinematischen, chemischen und opti-
schen Eigenschaften untersucht, um ihre Eignung für die Verwendung im Prototypen zu bestim-
men.
Weiterhin zeigten Simulationen des Kühlprozesses im Prototypen die Ausbildung eines Gleich-
gewichtzustands zwischen Erwärmung und Kühlung des Verstärkermediums. Dieser konnte ge-
nutzt werden, um in den Simulationen reproduzierbare Wellenfronten bei Repetitionsraten von
1/5 min−1 zu ermöglichen.
Experimentelle Untersuchungen eines Prototypenmodells im Maßstab 1:1 ermöglichten außer-
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dem die Dichtigkeit der Kühlmitteldichtungen zu bestimmen und erste qualitative Messungen
der transmittierten Wellenfronten durchzuführen.
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Abstract
The development of petawatt-class lasers during the last decades has resulted in a reduction
of the size and cost of such systems. This development has lead to the adoption of petawatt-
class lasers at facilites world-wide for the study of matter in extreme states. The energy density
achieved by such systems has lead to their use as direct drivers for particle acceleration, research
on inertial confinement fusion and radiation therapy. Further uses for these systems were found
in their application as secondary sources for X-rays, ions, electrons, protons and neutrons.
This range of applications has lead to the use of petawatt-class lasers in national as well as
university laboratories. The operation as direct and indirect sources requires high repetition
rates to ensure the rapid reproducibility of respective results and increased statistics.
While low energy petawatt lasers featuring pulse energies below 100 J are commercially avail-
able with repetition rates greater than 1 Hz, the repetition rate of high energy petawatt systems
above 100 J pulse energy is limited by the cooling behaviour of their amplifier materials. Most
high energy petawatt lasers utilize glass based gain media at apertures above 20 cm in their
power amplifier elements. These large apertures are chosen to minimize the occuring in-
tensities in the system and prevent damages to optical elements. However, the low thermal
conductivity of glass leads to thermal equilibration times of the gain medium in the range of
hours, thus featuring low repetition rates.
The goal of this scientific work is the development of a glass based power amplifier element
for high energy petawatt lasers featuring an active cooling scheme to reduce the thermal equi-
libration time of the gain medium to improve the repetitionrate of the laser. The targeted
repetition rates are in the order of 1/5 min−1 for a gain factor of 1.5 with a focus on the high
quality and reproducibility of the transmitted wavefront.
To this end, a concept was used that utilizes a laminar coolant flow between two discs of the
gain medium to reduce the thermal load on the discs. A set of coolants was investigated to de-
termine their thermal, kinematic, chemical and optical properties to qualify them for use in the
prototype. Simulations of the cooling process in the prototype further lead to the discovery of a
steady state between the heating and cooling of the gain medium between consecutive pulses.
This steady state could be used to enable repeatable wavefront patterns at repetition rates of
1/5 min−1 in the simulations.
Experimental investigations of a full scale prototype model were further used to determine the






1.1 Thesis Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2 Laser Amplification 13
2.1 Pulse Amplification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.2 Nd:Phosphate Glass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.2.1 Neodymium . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.2.2 Host Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.3 Optical Pumping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.3.1 Flash Lamps . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.3.2 Xenon Lamp Spectrum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
3 Thermal Effects and Beam Quality 21
3.1 Heat Sources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.2 Heat Transport . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
3.3 Thermally Induced Optical Response . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.3.1 Thermo-Optic Effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.3.2 Elasto-Optic Effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.4 Beam Quality . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.4.1 Optical Path Distortion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.4.2 Wavefront . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.4.3 Aberrations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
4 Cooled Amplifier Design 31
4.1 Initial Concept . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
4.2 Coolant Flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
4.3 Prototype Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
4.3.1 Spacers and Nozzles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
4.3.2 Amplifier Discs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
4.3.3 Coolant Sealing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
4.3.4 Coolant Management . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
5 Coolant 43
5.1 Thermal and Kinematic Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
5.2 Chemical Compatibility . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
5.3 Optical Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
5.3.1 Absorption Losses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
5.3.2 Reflection Losses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
5.3.3 Transmission . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
7
5.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
6 Simulated Prototype Operation 57
6.1 Thermal Distributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
6.1.1 Coolant Temperature Profile . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
6.1.2 Simulation of Thermal Distributions . . . . . . . . . . . . . . . . . . . . . . . . 58
6.2 Optical Path and Wavefront . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
6.2.1 Optical Path Distortion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
6.2.2 Wavefront Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
7 Prototype Testing 69
7.1 Coolant Seal Tightness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
7.2 Wavefront Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
7.3 Simulated Disc Deformation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
8 Summary and Conclusion 79
9 Future Prospects 81
9.1 Design Improvements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
9.2 Development of Peripheral Elements . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
9.3 Validation Tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
Acknowledgements 85
Bibliography 92
List of Abbreviations 93
List of Figures 97




The research of matter at extreme physical conditions is of vital importance to the understand-
ing of the formation and structure of compact astrophysical objects such as stars, brown dwarfs
and planetary interiors [Fortov, 2010] as well as the continued research into nuclear fusion tech-
nology [Miller et al., 2004][Cavailler et al., 2004].
The field of Warm Dense Matter (WDM) is of special interest to this endeavor, describing pres-
sures between 1 to 100 Mbar at temperatures of 1 to 10 eV corresponding to the interior of
giant planetary bodies [Fortov, 2010]. This regime lies at a transition from ordinary condensed
matter physics to classical plasma physics where neither of these classical theories are sufficient
to describe the experimental results and observations. Therefore, in order to develop the neces-
sary theoretical models for understanding the physical effects in the WDM regime, such as the
metallization of hydrogen [Celliers et al., 2018][Knudson et al., 2015] as well as the general in-
teractions of particles at WDM conditions, intensive research is required [Graziani et al., 2014].
To validate different models for this regime, a range of experimental methods have been de-
veloped to create WDM conditions in a laboratory. These methods consist of quasi-static proce-
dures, such as the compression of matter by diamond anvil cells [Tateno et al., 2010] which can
reach up to 6 Mbar of pressure [Dubrovinsky et al., 2012] as well as transient methods to access
even higher pressures of up to 100 Mbar and temperatures of ≈1 eV [van Thiel et al., 1966].
These transient methods achieve compression and heating via processes such as explosion com-
pression or high velocity impacts which can be created using light gas guns or ablation driven
projectiles.
An additional tool for the transient creation of WDM conditions is the fast process of laser driven
shock compression which can be achieved with lasers featuring intensities of 1013 W/cm2. Using
laser driven shock compression, the National Ignition Facility (NIF) was able to reach pressures
exceeding 1 Gbar [Kritcher et al., 2014a].
Further difficulties arise from the need for diagnostic tools with sufficient spatial and temporal
resolution to measure the physical conditions of a WDM sample. While surface measurements
are accessible by pyrometric measurements of the surface radiation and interferometric tech-
niques to derive the surface velocity [Celliers et al., 2004], volumetric measurements require
the use of penetrating methods. Since WDM is in general optically opaque, high energy radia-
tion is required for probing the depth of the sample. This high energy radiation can be provided
in the form of highly energetic particles such as ions, electrons and neutrons [Roth et al., 2013]
as well as energetic X-rays.
A common technique for using X-ray probing of WDM in Inertial Confinement Fusion (ICF) ex-
periments is X-ray backlighting which enables the assessment of the density and hydrodynamic
evolution of the samples [Park et al., 2008]. Modern powerful X-ray backlighter sources are
created by using supra-thermal electrons created by the relativistic interaction between a sec-
ondary target and a high energy short pulse laser featuring intensities in excess of 1017 W/cm2
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[Crane et al., 2010][Blanchot et al., 2013].
The new Facility for Anti-proton and Ion Research (FAIR), currently under construction at the
GSI Helmholtzzentrum für Schwerionenforschung GmbH in Darmstadt, Germany, will have the
ability to investigate matter under a variety of extreme conditions by using heavy ion beams
from its SIS-100 synchrotron [Spiller et al., 2008]. These heavy ion beams enable the research
of quark-gluon plasmas, anti-protons and nuclear synthesis as well as WDM. Using either the
HIHEX [Tahir et al., 2019a] or LAPLAS [Tahir et al., 2019b] scheme, the ion beam can be used
to create homogenous millimeter-sized samples of WDM in a quasi-steady-state over time peri-
ods which are long compared to their thermal equilibration time.
The creation of these WDM samples at FAIR will be conducted at the experimental area of
the Atomic Plasma Physics and Applications (APPA) collaboration [Neumayer et al., 2014]. This
area, called the APPA cave, will house the target chamber for the creation of WDM as well as the
necessary diagnostic tools.
Due to the use of highly energetic heavy ion beams it is possible to generate large WDM sam-
ples at the APPA cave. These sample sizes require a set of highly penetrating diagnostic tools
to enable volumetric investigations of the physical states inside the samples. These tools in-
clude a proton microscope called PRIOR [Varentsov et al., 2016] for proton radiography of the
samples as well as a laser driven X-ray backlight source delivering photon energy in excess
of 100 keV. The laser for this backlighter source is called the Helmholtz Beamline and is re-
quired to deliver focused intensities of >1018 W/cm2. This system will also be able to serve as
a source for secondary protons [Snavely et al., 2000], electrons [Rosmej et al., 2019] and neu-
trons [Roth et al., 2013] to complement the radiography capabilities.
To develop and test the technology required for the Helmholtz beamline a smaller, lower in-
tensity laser system will be used for early experiments at the APPA cave, called the 100 J
diagnostic laser. This lower intensity system will deliver frequency doubled pulses of 100 J
at 527 nm wavelength with pulse durations between 100 ps and 100 ns to the target. The fo-
cused intensities of such a system would be in the range of 1012 to 1016 W/cm2, enabling the
generation of 10 keV X-rays for backlighting and scattering experiments.
To provide the necessary resistance to optically induced damages for scaling the 100 J amplifier
to the intensities of the Helmholtzbeamline requires the use of large aperture optics.
One critical technology to be developed for the Helmholtz beamline are actively cooled main
amplifier modules with the ability to provide homogeneous cooling for the required large aper-
tures. This technology is necessary to enable the laser systems to match the repetition rate of the
synchrotron at the APPA cave at one pulse every three to five minutes. Further emphasis of the
development is placed on a high quality of the laser focus over consecutive pulses to repeatedly
provide high intensities.
These considerations lead to the funding of the development of the actively cooled main am-
plifier by the Bundesministerium für Bildung und Forschung (BMBF) which is the subject of this
thesis. Since neither the Helmholtz beamline nor the 100 J laser were projected to be oper-
ational before 2024, the Petawatt H igh-Energy Laser for heavy Ion eXperiments (PHELIX), in
operation at GSI since 2008, was chosen to serve as the testbed for the new amplifier design.
This laser system features pulse energies of 1 kJ at 10 ns or 120 J at 400 fs [Bagnoud et al., 2010]
and would thus be able to operate in the same intensity range as the planned systems, with the
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new amplifier modules further serving as potential upgrades to the existing amplifer setup at
PHELIX.
1.1 Thesis Structure
To solve the problem of increasing the repetition rate of high energy short pulse lasers by
the introduction of actively cooled amplifiers it is first necessary to understand the factors
that have limited the repetition rate of such systems to around one pulse every 90 minutes
[Bagnoud et al., 2010].
The following chapter thus deals with the amplification of relatively short laser pulses to under-
stand the various processes involved. In section 2.2 the properties of the gain medium proposed
for the Helmholtz beamline and the 100 J diagnostic laser as well as the associated host material
are discussed. While section 2.3 deals with the properties of the pump sources required for the
operation of the gain medium.
Chapter 3 will discuss the sources of heating of the gain medium due to these properties as
well as the conduction of heat inside the medium.
With section 3.3 further delving into the thermally induced response of the material and section
3.4 discussing the impact of these thermally induced optical effects on the quality of the beam
as well as the quantification of the observable changes.
The design considerations taken to reduce these thermal effects in the gain medium will be
discussed in chapter 4. With the included sections discussing the initial considerations on the
heating of the gain medium as well as the concept chosen to efficiently reduce its thermal load,
followed by the optimization of the coolant flow inside the amplifier and the considerations
behind the design of the modular amplifier parts to realize the cooling concept.
The research into the properties and viability of various potential coolants for the amplifier
will be discussed in chapter 5. The properties were sectioned off into the classical coolant prop-
erties of the thermal and kinematic behaviour of the coolants, their chemical compatibility with
the gain medium and their optical properties. With the latter including the experiments con-
ducted to measure the absorption and refraction characteristics of certain coolants to calculate
their transmission performance.
Chapters 6 and 7 show the beginning validation of the amplifier design by simulations of
the thermally loaded optical design of the amplifier module at the proposed repetition rates





The general process by which monochromatic light can be amplified in an optically active
medium has been known since the late 1950s [Schawlow and Townes, 1958] and has been
applied since the early 1960s when Maiman developed the first laser [Maiman, 1960]. While
early lasers created their beam characteristics and beam power in a single stage, modern high
performance lasers separate the pulse generation and amplification. This allows for the cre-
ation of a low power seed beam in the oscillator with well defined characteristics such as beam
divergence, spectral width and in the case of pulsed applications the pulse shape. The am-
plifier stage subsequently boosts the energy and power of the beam while retaining the beam
characteristics set in the oscillator [Koechner, 1999]. This development in conjunction with the
development of the chirped pulse amplification process [Strickland and Mourou, 1985] opened
the door for high peak power lasers which offer various applications in the field of plasma
physics and beyond. In the 1970s, development began on such systems to drive inertial con-
finement fusion experiments [Brown, 1981], since then their fields of application have been
expanded to include the use in X-ray laser sources, studies of plasma physics and equation
of state, material studies and laser-driven ion beams as well as recent developments in laser
driven neutron sources [Roth et al., 2013]. While these modern systems benefit from roughly
half a century of development the basic principles discovered by Scharlow and Townes have
stayed the same. The following chapter will discuss the amplification of short laser pulses inside
a solid amplifier medium as presented in [Koechner, 1999], the characteristics of the amplifier
medium and pump source used in this project as well as their impact on the repetition rate of
such a system.
2.1 Pulse Amplification
Laser is an acronym for Light Amplification by Stimulated Emission of Radiation. The stimulated
emission is the core process of the amplification inside a laser. In this process, an incoming pho-
ton can cause an excited electron in the gain medium, with a stored energy close to the photons
frequency, to release its energy and create a second photon with the exact same characteristics
as the incoming photon.
To operate a medium as a coherent light amplifier it is necessary to disturb its electron distri-
bution from the thermal equilibrium. In the thermal equilibrium, the electron population is
concentrated in the ground state and the medium will act as an attenuator by absorbing incom-
ing light. In a configuration, where the majority of the electrons is located in an energy level
above the ground state the medium can create more stimulated photons than are being ab-
sorbed. This configuration is called an inverted electron population. Two archetypes of energy
level structures in materials exist that enable the generation of an inverted electron population.
The three-level system, shown in figure 2.1a, can be used to achieve the inverted electron pop-
ulation between the ground state and the upper laser level Á by exciting electrons from the
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ground state into the pump band Â. In the three-level system electrons in the pump band fea-
ture a far shorter spontaneous emission life time than in the upper laser level thus increasing
the electron population in Á compared to the ground state, creating the population inversion.
The four-level system, shown in figure 2.1b, operates similarly to the three-level system but
features a second laser level called the lower laser level À which is seperate from the ground
state compared to the three-level system where ground state and lower laser level are identical.
Electrons in the lower laser level feature a lower life time compared to electrons in the upper
laser level thus enabling the creation of a population inversion by pumping. The separation
of the lower laser level and the ground state leads to a disconnect of the laser operation from
the electron population in the ground state. This leads to the four-level system being capable
to operate at lower pump rates as the population inversion only has to be a relative inversion


























(b) Energy level structure of a three-level
system.
Figure 2.1: Energy level structure of the two archetypes of electron configurations for gain
media.
The dynamic behaviour of electron populations in a gain medium can be described using a set of
coupled rate equations representing the various energy levels. By focusing on the amplification
process of pulsed input signals with pulse lengths far shorter than the pumping rate Wp and
the spontaneous emission time τ f the system can be viewed as quasi-stable. In this state, it is
assumed that the amplification is dominated by the energy stored in the upper laser level prior
to the arrival of the input pulse. Thus, the rate equation describing the evolution of the electron




as the effects of fluorescence and pumping can be neglected [Koechner, 1999]. Here n describes
the inverted population density, c the speed of light in the active medium, σ the stimulated
emission cross-section, φ the photon density and γ is used to differentiate between three and
four-level systems, with γ = 2 for a three level-system and γ = 1 for a four-level system. The









Solving equations (2.1) and (2.2) for n and φ, Frantz and Nodvik [Frantz and Nodvik, 1963]
found a solution for a square pulse of duration tp and an initial photon density of φ0 resulting
in the amplified photon density φ(x , t). By time integrating this photon density in an amplifier
































Jst = g0Esat . (2.6)
Here equation (2.3) describes the gain of an amplifier over the entire range of possible input
signals, from very small signals up to saturation. (2.4) represents the fluence of the incoming
signal with (2.5) describing the saturation fluence and (2.6) the stored energy per unit volume,
while g0 = nσ is the small-signal gain coefficient [Koechner, 1999].
In the case of a very small input signal (Ein  Esat , G0Ein/Esat  1), (2.3) can be simplified
to
G ≈ G0 = exp(g0l) = exp(nσl) (2.7)
which is called the small signal gain and only depends on the inverted population density,
the stimulated emission cross-section and the length of the amplifying medium l. In this case,
saturation effects can be ignored but if the amplification raises the output signal to a level where
G0Ein Esat no longer holds true, (2.7) no longer applies.







Thus, showing an exponential growth of the gain factor in the small-signal regime with respect
to the length of the gain medium, with the amplification evolving into a linear growth once
saturation effects can no longer be ignored at higher input fluences.
2.2 Nd:Phosphate Glass
With the gain factor of a laser amplifier depending on the ability of the gain medium to store
optical energy in its electronic structure, an investigation into one of the most common amplifier
materials for high energy solid state lasers is needed. Since the early days of solid-state laser
development, trivalent neodymium (Nd3+) has been been known to exhibit a very favourable
combination of features for optical amplification. It offers a satisfactorily long fluorescence
lifetime with narrow emission lines and its laser transitions are separated far enough from the
ground state to operate the laser at varying temperatures with little impact on the amplification.
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Over the years, a variety of host materials have been tested but only yttrium aluminium gar-
net (YAG) and a select number of glass materials have shown the necessary properties to host
trivalent neodymium without negative impact on its line structure or disadvantageous physical
properties [Koechner, 1999]. To understand the features of Nd-doped glass it is necessary to
understand the spectral charactersitics of trivalent neodymium as well as the advantages and
disadvantages provided by different host materials.
2.2.1 Neodymium
Neodymium is a rare-earth element, as such it features sharp flourescent transitions in the
near infra-red range [Koechner, 1999]. These sharp transitions are a result of its favourable
electron configuration. In its ground state the electron configuration consists of a core which
is identical to the xenon configuration with all three inner shells completely filled as well as
some additional electrons in higher shells. As a dopant neodymium is available in its Nd3+
state in which there are only three electrons left in the fourth shell of the atom which are
used for the laser transitions. However, additional electrons remain in the higher fifth shell and
provide shielding for the transition electrons which causes the sharp line features of neodymium
[Koechner, 1999].
Despite the variety of transitions in Nd3+ depicted in figure 2.2, only the 4F3/2→ 4I11/2 transition
at 1064 nm is of practical use. This is due to the 4F3/2 → 4I9/2 transition beeing resonant and
thus being absorbed as well as it is emitted, while 4F3/2→ 4I15/2 and 4F3/2→ 4I13/2 are absorbed
in most of the common host materials [Brown, 1981].
Figure 2.2 shows that Nd3+ forms a four-level system with 4F3/2 and
4I11/2 as the respective
laser levels and 4I9/2 as the ground state. Pumping is usually broad band and excites many of
the higher levels of which most decay into the 4F3/2 state. The life time of the ground state
transition 4I11/2 → 4I9/2 depends on the host material, doping concentration and temperature
but is usually in the range of several tens of nanoseconds [Brown, 1981].
The large energy gap between the lower laser level and the ground state offers the advantage of
operating neodymium based gain media over a wide temperature range as thermal excitations
from the ground state will not contribute significantly to the population in the lower laser level
[Koechner, 1999].
2.2.2 Host Materials
Rare earth gain materials like neodymium are usually doped into secondary materials to enable
the practical use of the gain medium in an optical amplifier. The secondary materials are called
host materials and their interaction with the dopant can change the gain behaviour of the com-
pound. A common choice of host materials for rare earth dopants are crystalline and glass hosts,
which offer distinct properties determining their respective field of use.
Crystals offer far better thermal conductivity and lower laser thresholds while glass has wider
emission lines and can be doped to much higher concentrations. This leads to the use of
neodymium doped crystals in very high repetition rate amplifiers which benefit greatly from
the high thermal conductivity. Neodymium doped glass is usually used in short pulse high









































Figure 2.2: Energy levels and transitions in Nd3+ [Brown, 1981].
laser pulses.
Glass also features a much more isotropic distribution of the dopant compared to crystals. These
anisotropic dopant distributions in a crystal are caused by its growth process in which the differ-
ent sizes of dopant and regular lattice ions leads to a discrimination during the lattice formation.
In the case of Nd:YAG the Nd3+ is larger than the Y3+ and thus the neodymium is preferentially
retained in the melt. Since crystals are usually grown from a single melt this leads to an increase
in neodymium concentration in the outer layers of the crystal [Koechner, 1999].
This also makes large crystals increasingly brittle and complicates the growth of crystals larger
than 10-15 cm in diameter while glass disks have been manufactured in sizes of up to 90 cm in
diameter and several centimeters in thickness due to their amorphous nature.
Of the glass hosts for neodymium usually only silicate (SiO2) and phosphate (P2O5) glass are
commercially available. While neodymium doped silicate glass offers a slightly wider spectral
width of the emission lines compared to neodymium doped phosphate glass, the emission cross-
section of phosphate glass is typically 50% higher (σ = 3.7−4.5× 10−20 cm2) [Koechner, 1999].
This has lead to the adoption of Nd:phosphate glass in many large laser systems for fusion re-
search [Stokowski et al., 1981] as large diameter disks are necessary to keep the fluence below
the damage threshold while increasing the energy.
17
2.3 Optical Pumping
Chapter 2.1 has shown the dependence of laser amplification process on the inverted electron
population compared to the thermal equilibrium. This population inversion can be created by
the pumping process which deposits energy in the gain medium at the appropriate transition
energies.
A variety of pump sources exists, which can be used to excite different types of gain media.
While gaseous media such as CO2 and Helium-Neon mixtures can be excited using collision ex-
citation induced by electrical fields and diode lasers use direct electrical excitation from applied
currents, dye and solid-state lasers, such as neodymium doped glass, are pumped using light
from optical pump sources.
These optical pumps can be differentiated in line emitting sources, black body sources and
mixed sources. Line sources feature monochromatic spectra and have to be tailored specifically
for the gain medium. This category includes light emitting diodes (LED) and pump lasers. The
advantage of these pump sources is their high efficiency, since the energy used to operate these
sources is converted much more efficiently into light of wavelengths which can be absorbed by
the gain medium. However, their price and complexity over the other sources has hindered their
wide spread adoption.
Blackbody sources such as filament lamps emit light in a broad spectrum depending on the tem-
perature of the emitting surface. Due to their broad-band emission only a small fraction of the
emitted light is of wavelengths which can be used in the gain medium to achieve the population
inversion, while the remaining optical energy is mostly converted into thermal energy, resulting
in heating of the gain medium.
Mixed sources such as flash lamps emit a blackbody spectrum with additional line features. They
offer a compromise between the efficient coupling of their optical energy into the gain medium
by line emitters and the low cost and simplicity offered by blackbody sources [Koechner, 1999].
These features lead to the decision to use flash lamps as the pump source for this project.
2.3.1 Flash Lamps
As flash lamps offer a high optical radiation output at a comparetively low price per unit, this
makes them ideal for the use in large scale solid-state laser amplifiers like those used in facilities
like the National Ignition Facility (NIF) in the United States of America [Miller et al., 2004] or
the Laser Mégajoule (LMJ) in France [Cavailler et al., 2004] which utilize large arrays of flash
lamps.
Flash lamps are usually constructed as a linear or helical quartz tube, depending on the design
of the amplifier, filled with a nobel gas which can be ionized by electrodes at either end of the
tube. An array of capacitors is used to create a pulse of electric energy which is discharged
between the electrodes of the lamp, exciting the noble gas into the plasma state. The radiation
from the plasma is used to pump the laser medium but is also partially absorbed by the quarz
tube of the lamp resulting in the heating of the tube. Further heat loading of the flash lamps
is incurred by the electric losses at the electrodes and contact with the plasma. This heat load-
ing reduces the lamps life time and excessive heat can lead to immediate damages. Different
cooling schemes are possible to mitigate the problem depending on the systems requirements.
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Free-air convection cooling can dissipate about 5 W/cm2 while forced-air cooling achieves up
to 40 W/cm2. Liquid cooling and a water jacket around the flashtube offer dissipation rates of
300 W/cm2 [Koechner, 1999] which become necessary at higher repetition rates.
Despite the heat losses the overall efficiency is rather high for flash lamps, with measure-
ments finding that 65 to 80% of the applied electrical energy are converted into radiation in
the spectral region of 0.35-1.1 m, depending on the gas filling, applied current and pressure.
[Brown, 1981].
A common gas filling of the flash lamps in facilities such as NIF and LMJ is xenon, which is
chosen due to its higher radiation output for a given input energy compared to other gas fillings
and the overlap between its emission spectrum with the absorption spectra of neodymium based
gain media [Brown, 1981].
2.3.2 Xenon Lamp Spectrum
The spectrum emitted by a xenon filled flash lamp is highly dependent on the power density in-
side the plasma. This leads to the spectrum shown in figure 2.3 to be dominated by line features
for power densities as low as 1 kA/cm2, which is caused by transitions between bound energy
states of the ions in the plasma. While the spectrum becomes increasingly dominated by the
continuum radiation of a black body for higher power densities, resulting from the recombina-
tion radiation of free electrons to the ions and bremsstrahlung from free electron collisions with
ions.
Figure 2.3: Example of an emitted spectrum for a xenon flash lamp at current densities of 1, 2
and 3 kA/cm2 [Brown, 1981], showing the transition from a line dominated spectrum
to a black body dominated spectrum with increasing current densities.
Further influences on the spectrum are the pressure of the gas filling and the geometry of the
flash lamp. The tubing material of the flash lamp also plays a crucial role in its performance.
The material determines how much of the radiation emitted from the plasma is absorbed in
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the glass and how much is reflected back into the plasma to be absorbed and reemitted. Since
flash lamps emit radiation in all directions they are usually mounted inside an elaborate re-
flector geometry to guide the emitted radiation into the laser material as efficiently as possible
[Brown, 1981].
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3 Thermal Effects and Beam Quality
In pulsed laser systems the repetition rate is often limited by their ability to reproduce certain
beam characteristics (i.e. focus size, pointing, etc.) over consecutive pulses due to the presence
of temperature gradients inside their optical components. In an optical amplifier, these gradi-
ents are caused by inhomogenous heating of the optical material due to anisotropic absorption
of pumplight in the medium either for geometric reasons or anisotropic distributions of absorp-
tion centers. Further gradients are introduced by the limitations of applied cooling schemes
to extract the heat isotropically from the medium. This chapter will explore the mechanisms
by which heat is introduced and distributed inside the gain medium and the potential coolant,
the thermally induced changes to the optical properties of the gain medium and the resulting
impact on the beam quality.
3.1 Heat Sources
While the energy responsible for the heating of the gain medium is provided by the pumplight
(chp. 2.3), there are four major mechanisms by which optical energy is converted into heat
inside the gain medium which will be discussed below.
A large contribution to the thermal excitation of the gain medium is the absorption of pump-
light in the host material. In glass, this absorption occurs mainly in the IR and UV range
[Koechner, 1999] and is especially important when using pumplight from blackbody or mixed
sources due to their wide spectral range (see chp. 2.3). Pump sources which are tailored to the
absorption band of the gain medium, such as pump diodes or secondary lasers, can be used to
mitigate this heating mechanism.
Another source of heating is the quantum defect heating which occurs due to the energy dif-
ference between the absorption band of the active ions and the upper laser level (i.e. fig.2.2).
These transitions can decay via multi-phonon decay and thus lose their energy as heat to the
hosts lattice structure instead of photon radiation [Koechner, 1999].
The same effect occurs at the energy gap between the lower laser level and the ground state of
the active ions in a four-level laser. This relaxation to the ground state is also a non-radiative
transition and thus contributes to the heating of the host material [Koechner, 1999].
Excited active ions can also transfer energy to ions in their vicinity. If the receiving ion is an-
other active ion, the process is called diffusion and the energy is lost via stimulated emission or
fluorescence. If the receiving ion is a lattice ion, this effect is called quenching and the lattice ion
will lose its energy via thermal processes, thus contribution to the heating of the gain medium.
The effect of quenching is strongly dependent on the concentration of active ions in the host ma-
terial and also reduces the fluorescence life time of the laser transition [Brown, 1981]. Doping
concentration therefore has to be a compromise between energy storage capability, fluorescence
life time and heat generation.
Further heating of the gain medium occurs due to uncooled flash lamps as thermal radiation and
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convection from the lamps also imparts heat on the medium. In water-cooled flash lamps this
effect is suppressed by the absorption of thermal radiation in the water [Koechner, 1999].
3.2 Heat Transport
In an amplifier, the effects discussed in chapter 3.1 are not applied isotropically to the medium.
The reasons for anisotropic heating are manyfold but are usually caused by anisotropic irra-
diation of the gain medium by the pumplight as well as uneven doping concentrations which
impact the absorption. This leads to thermal gradients inside the gain medium which can be
equilibrated via the mechanisms of thermal conduction, thermal radiation and convection in
fluids [Meschede et al., 2015].
Thermal conduction is a process by which thermal energy is transported through a material
without macroscopic movement of the material. It is caused by molecular collisions due to
thermal motion and always occurs along thermal gradients. On a macroscopic level, the heat
transport can be described by the thermal conduction equation
~j = −λ · ∇T (3.1)
where ~j is the thermal flux density, λ is the thermal conductivity of the material and ∇T is the
thermal gradient. The resulting thermal flux Q̇ can be calculated by integrating over the cross
section ~A through which the thermal energy is transported:
Q̇ =
∫
~j · d ~A (3.2)
In the case of a linear one-dimensional thermal gradient (fig. 3.1), equation (3.2) can be ex-
pressed as




where ∆T = Thot − Tcold is the temperature difference between the hot and cold material and l





Figure 3.1: Conduction of thermal energy from a hot to a cold area of equal size.
Thermal conduction is highly dependent on the mean free path of phonons in the material
and thus varies widely for different materials with diamonds featuring thermal conductivi-
ties of ≈180 Wm−1K−1 [Slack, 1964] while phosphate glass usually reaches ≈0.56 Wm−1K−1
[Hu et al., 2014].
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The time it takes for a material to return to its thermal equilibrium is called the thermal relax-





which depends on the spatial dimension of the thermal gradient d, the density of the material
%, the specific heat capacity of the material cp and the thermal conductivity λ. With %, cp and
λ further depending on the temperature [Meschede et al., 2015].
The transmission of heat from one medium to another can be described in terms of the emit-
ted and aborbed thermal radiation at the boundary surface between the two media. Using the
Stefan-Boltzmann law it is possible to define the thermal flux caused by radiation as
Q̇ = Q̇amb − Q̇surf = σA
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whereσ is the Stefan-Boltzmann constant and Tamb and Tsurf are the temperatures of the ambient
material and the hot surface respectively.
For large differences between Tamb and Tsurf the thermal flux can be written as
Q̇ ≈ 4 σ T 3surf A (Tamb − Tsurf) . (3.6)
This gives us Newton’s cooling law with 4σT 3 ≈ 6 W m−2 K−1 at room temperature for a black
body [Meschede et al., 2015].
In fluids, heat can also be transported via a process called convection. Convection relies on
the macroscopic motion of volumina of different temperature to transport heat. It can be sep-
arated into natural convection which is caused by density changes in the fluid due to heating
and forced convection which is a process where the motion of the fluid is externally driven. Con-
vection is usually considered to provide a much higher thermal flux at moderate temperatures
compared to thermal conduction or radiation [Meschede et al., 2015]. However, the movement
patterns of these fluid volumina are very complex and 3-dimensional thermal transport in fluids
is usually calculated using computer algorythms.
3.3 Thermally Induced Optical Response
In high repetition laser systems, it might be necessary to launch pulses faster than the thermal
relaxation time of the gain medium. This will lead to the presence of residual thermal gradients
in the medium during the pulse. The optical response of the medium to these thermal gradients
leads to changes of the optical properties of the medium. The changes to the refractive can be
described via a direct dependence of the refractive index on the temperature of the medium
in the thermo-optic effect and an indirect dependence in the refractive index changes caused by
thermally induced stresses described in the elasto-optic effect.
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3.3.1 Thermo-Optic Effect
Studies on the thermo-optic behaviour of semiconductors and insulators, such as glass, have
shown that the thermally induced refractive index changes observed in these materials can
be traced to electronic and lattice effects [Lines, 1993]. The cause is an increase in tempera-
ture broadening the Fermi-distribution leading to increases of the resonance frequency of op-
tical phonons in the lattice, thus increasing the likelyhood of band-band transitions. These
effects lead to higher absorption and subsequently increase the refractive index of the material
[Fieberg, 2014].
To quantitively describe the thermo-optic effect over a wide range of temperatures, the refractive








in which ω is the photon energy and Ed , E1 and E0 are the Sellmeier energies depending on
the structure and temperature of the material [Lines, 1993]. However, for small temperature
variations it is possible to describe the thermally induced changes to the refractive index via the






Temperature gradients also cause mechanical stress in a material due to uneven thermal expan-
sion. These stresses also influence the refractive index in a process called the elasto-optic effect.
This effect is highly directional as uneven distributions of stress cause different changes to the
refractive index depending on the stress vectors. To represent this mathematically, the refractive
index can be expressed by the linear optical indicatrix. The indicatrix is generally an ellipsoid
which can change its shape, size and orientation due to stress and strain [Koechner, 1999].
These changes to the indicatrix can be expressed by the coefficients
∆Bi j = Pi jklεkl (i, j, k, l = 1, 2,3) (3.9)
which can be derived from the fourth-rank elasto-optic tensor Pi jkl and the second-rank strain
tensor εkl . Under the assumption of a circular beam geometry and stresses in radial and tan-
gential directions, it is advantageous to express the elasto-optic changes to the refractive index









resulting in expressions for the radial nr and tangential nφ components of the refractive index
change, which can be expressed as as superposition of both components
∆ns =∆nr +∆nφ. (3.12)
These directional components of the refractive index can lead to stress induced birefringence in
otherwise isotropic media [Lines, 1993].
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3.4 Beam Quality
The performance of high intensity laser systems depends strongly on their ability to focus the
laser beam which can be impacted by the presence of thermal gradients in the optical medium
and the resulting refractive index variations caused by the thermo-optic and elasto-optic effects.
The limits of focusability in an optical system are determined by the diffraction limits of the
optics, the geometry of the optics and the complex wavefunction of the beam itself. Thus, the
ideal beam is commonly referred to as the diffraction-limited beam, which therefore defines the
maximum beam quality in terms of focusing capability [Wyant and Creath, 1992]. Deviations
of the spatial phase of a real beam from the ideal beam are called aberrations, they can be
caused by faulty optics, misalignment of optical components, environmental factors and thermal
effects [Ohland, 2018]. This section will discuss the optical path distortions as a result of the
thermo-optic and elasto-optic effects, the wavefront as a property of the beam and how various
aberrations impact its shape and peak intensity in the far field.
3.4.1 Optical Path Distortion
The thermo-optic and thermally induced elasto-optic effects have shown how thermal gradients
impact the refractive index of materials. These changes to the refractive index influence the
optical path of a beam which describes the distance for which a beam of light propagating in a
vacuum would take the same amount of time as a beam propagating in a medium. The optical
path Lopt can be calculated as a product of the physical distance l a beam has to propagate
through a medium and the refractive index n of said medium,
Lopt = l · n. (3.13)
Since the refractive index as well as the length of a specimen depend on the temperature of the
material, thermal gradients in the medium can lead to optical path differences between various
partial beams of a spatially extended beam.
The dependence of the physical length of a sample on its temperature distribution at the position
of a partial beam can be described by the linear thermal expansion [Koechner, 1999]:
l(~r) = α0l0 [T (~r)− T0] (3.14)
with the linear thermal expansion coefficient α0, the base length of the expanding specimen l0
and the temperatures at the position of the partial beam T (~r) and the beam center T0.
Combining the thermal expansion (3.14), the thermo-optic effect (3.8) and the elasto-optic
effect (3.12) a description of the optical path can be found for each partial beam in a thermally














[n0 − 1] · εz(~r, z)dz − z0(~r)
(3.15)
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where the first term contains the optical path modified by the thermo-optic effect, the second
term the modifications due to the elasto-optic effect and the third term accounts for deforma-
tions of the optical material.
3.4.2 Wavefront
Describing a beam of light as a bundle of rays has been useful for describing the effect of thermal
effects on the optical path of each partial beam. However, the behaviour of light in the focal
plane of an optic is generally not accurately described by the purely geometric behaviour of
rays. Instead wave optics has to be used to describe effects like diffraction which are dominant
in this region.
The key to this representation is the Helmholtz wave equation
(∇2 +µεω2)~E = 0 (3.16)
(∇2 +µεω2)~B = 0 (3.17)
which describes the behaviour of electro-magnetic waves and can be derived from the Maxwell
equations [Jackson and Witte, 2006]. Due to the connection between the electric and the mag-
netic field of the wave, it is sufficient to describe the electro-magnetic wave by either one of the
two fields. Since the amplitude of the electric field can be measured in the form of the intensity
(|E|2) it is common to choose the electric field representation of the wave. Depending on the
geometry of the system, several solutions of the wave equation exist, such as the plane wave
or the gaussian beam. The following pragraph will focus on the solution of a mono-chromatic
top-hat beam at a circular aperture, since it features the closest semblance to our application:






with the amplitude of the electric field
E0(r,ρ) =
¨
E0 for r ≤ R
0 for r > R
, (3.19)
the spatial phase φ(r,ρ) and the radius of the aperture R [Born et al., 1999].
The behaviour of a general monochromatic wave can usually be described in two regimes, the
near field directly in front of diffracting or refracting elements, where small angle and Fresnel
approximations are valid [Born et al., 1999], and the far field at large distances behind the optics
which is also referred to as Fraunhofer diffraction. The propagation of a wave from its near-field
to the far field can be modeled as a Fourier transformation over the complex electric field.
The field consists of the real amplitude of the electric field and a complex phase denoting the
oscillation state of the field (see (3.18)). Points of the three-dimensional electric field at the
same oscillation state can be grouped into a surface which is called the wavefront. This method
loses the information about the absolute value of the phase, however, since the observable in
most experiments is the intensity (|E|2), any complex factors such as the phase factor eiφ, do not
impact the observable. Since the absolute value of the phase can not be observed, descriptions








(a) A plane wavefront, which is usually








(b) Wavefront with arbitrary aberra-
tion features
Figure 3.2: Examples of two wavefronts with various wavefront features.
3.4.3 Aberrations
Most laser applications seek to maximize the intensity in the focus of the beam. This can be
achieved by using a beam profile approximating a plane wavefront (fig. 3.2a), such as a top-
hat profile, which can be focused to the highest intensity possible compared to other wavefront
profiles [Born et al., 1999]. In laser optics, the plane wave is therefore considered the ideal case
when evaluating the quality of the beam.
In an amplifier, this ideal case is rarely achieved as the optical path of the beam is locally
modified by thermal effects (see chp. 3.3). The resulting local phase shifts can be calculated
using
∆φ(x , y) =
2π
λ
·∆Lopt(x , y) (3.20)
with the laser wavelength λ and the shift in the optical path ∆Lopt [Lines, 1993]. These local
shifts lead to deformations of the wavefront which diminish the quality of the beam and are
called aberrations.
By expanding the wavefront in a power series in polar coordinates it is possible to assign each
of the resulting terms to a type of aberration [Wyant and Creath, 1992]:
Φ(r,θ ) = A1r cos(α1 + θ ) + A2r
2 + A3r
2 cos2(α3 + θ ) + A4r
3 cos(α4 + θ ) + A5r
4... (3.21)
where A1−5 are the wavefront aberration coefficients, α1,3,4 are the orientations of the angular
dependent aberration components, r is the radial and θ the angular coordinate of the beam.
The five aberrations which can be identified in (3.21) are called Seidel aberrations, their distinct
profiles have been compiled in figure 3.3.
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A1r cos(α1 + θ ) A2r2 A3r2 cos2(α3 + θ ) A4r3 cos(α4 + θ ) A5r4
Figure 3.3: Seidel aberrations of the wavefront with their associated functional terms and wave-
front profiles.
However, using the Seidel aberrations for analyzing the wavefront can be problematic, as dis-
tortion and field curvature only lead to a spatial shift of the intensity profile, while astigmatism,
coma and the spherical aberration cause more complex deformations. These complex deforma-
tions lead to intensity profiles where the location of maximum intensity is shifted out of the
focal plane. To avoid the problem of shifting foci it is possible to choose a different mathemat-
ical representation. By expanding the wavefront in an orthogonal base on the unit circle it is
possible to find a set of polynomials whose wavefront representations resemble the observable
Seidel aberrations but without changes to the focus position.
One set of polynomials that fulfills these criteria are the Zernike polynomials which are
useful for describing the wavefront of circular beams due to their rotational symmetry
[Wyant and Creath, 1992]. In polar coordinates Zernike polynomials can be written as a prod-
uct of a radial term Rmn (ρ) and a periodic angular term Gm(θ ):
Zmn (ρ,θ ) = R
m
n (ρ)Gm(θ ) (3.22)
with the radial coordinate ρ and the angular coordinate θ . The indices m and n are integers
representing the angular and radial degree of the polynomial respectively. They follow the
condition m= n−2k where k is a non-negative integer and n≥ |m|. In [von Zernike, 1934] the
angular term is defined as
Gm(θ ) =
¨
m≥ 0; cos(mθ )
m< 0; sin(mθ )
(3.23)
















For easier handling of the polynomials, for example in software, they can be indexed using an
indexing scheme proposed by [Noll, 1976] which is defined by
ju < jv ∀ nu < nv ,






By comparing the Zernike aberrations (fig. 3.4) to the Seidel aberrations (fig. 3.3) it is apparent
that the goal of recreating the observable wavefront distortion of the Seidel aberrations can be
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3 sin(3θ ) Z−13 = (3ρ
3 − 2ρ) sin(θ ) Z13 = (3ρ
3 − 2ρ) cos(θ ) Z33 = ρ
3 cos(3θ )
j = 9 j = 7 j = 8 j = 10
Figure 3.4: Plots of the first 10 Zernike aberrations for the |Rmn (1)| = 1 normalization with their
names, polynomial representation and Noll index [Ohland, 2018].
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4 Cooled Amplifier Design
To counter the aberrations caused by thermal loading of the gain medium requires the de-
velopment of a cooling concept for the laser amplifier. The goal of a pulsed large aperture
Nd:Phosphate glass laser at a repetition rate of 1/5 min−1 requires a design that enables the
active extraction of thermal energy deposited by consecutive pump processes. To enable com-
patibility with the existing PHELIX infrastructure, serving as both an upgrade to the existing
facility and a test bed before integration into the 100 J diagnostic laser and Helmholtz beamline
at FAIR, the new concept should be a modification of the legacy setup at PHELIX.
4.1 Initial Concept
To achieve the compatibility with the existing infrastructure, the new amplifier module requires
a similar gain factor as the legacy modules at PHELIX with G0 ≈ 1.5. Using this gain factor
as the target as well as equations (2.7) and (2.6), it is possible to estimate the required stored








By assuming that the remaining 89% of the required pump energy is converted into thermal
energy in the discs this leads to a thermal energy density of Etherm = 3.59
J
cm3 . Using the volu-
metric heat capacity of typical phosphate glass (%cp = 2.21
J
cm3K ) [Hu et al., 2014] the resulting




≈ 1.62 K. (4.2)
Since this temperature is not isotropically distributed in the glass, the beam quality is adversely
impacted (see chp. 3.3 and 3.4) by the resulting thermal gradients. Chapter 3 has shown how
these thermal gradients equilibrate within the material and how thermal energy can be be dis-
sipated into the environment to restore the properties of the beam.
Equation (3.3) shows that high thermal conduction rates can be achieved in samples with high
thermal conductivity λ, large areas A connected to the heat sink and short distances l to the
heat sink. These thermal considerations would thus dictate a gain medium with high thermal
conductivity and a large surface area while being as thin as possible (e.g. a thin disc) to reach
optimal cooling efficiency.
However, the design of the amplifier needs to take into account more than thermal considera-
tions. The damage threshold of the material requires the use of large beam diameters to reduce
the intensity on the gain medium. To enable a homogeneous distribution of the pump energy
in the medium for these beams, the pumplight has to be applied to the faces of the medium.
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This face-pumping also requires thin discs of the gain medium with the faces oriented towards
the beam, as this design will provide the most homogeneous distribution of pumplight over the
depth of the medium. Since the most efficient cooling can be achieved by placing the heat sink
in contact with largest surface of the gain medium, the heat sink thus has to be positioned in
the optical path of the laser beam. Placement in the optical path requires the heat sink to be
transparent to the laser wavelength as can be seen in figure 4.1. This can be achieved by using




Figure 4.1: Concept of a thin amplifier disc with the coolant in the transmission plane of the
laser.
Further geometrical constraints of the gain medium are set by the targeted amplification factor
of ≈ 1.5, which depends on the stored energy in the gain medium requiring a certain thickness
of the gain medium to propagate through (see (2.7)). From these consideration it is already
apparent that there has to be a tradeoff between the thermal conduction and the gain factor as
both are contrarily dependent on the thickness of the disc.
As the new amplifier is supposed to reproduce the amplification factor and wavelength of the
old setup at PHELIX, the gain medium and overall thickness of the disc are dependent on the
old design. The legacy amplifier modules at PHELIX use neodymium doped phosphate glass
as the gain medium (discussed in chp. 2.2) with a thickness of 45 mm. Since phosphate glass
features a rather low thermal conductivity of λ ≈ 0.56 Wm K the thickness of the disc has to be
reduced to increase thermal conduction. To keep the amplification volume constant the ideal
solution would be to replace the singular disc with several thinner discs of the same overall
length in contact with the coolant (fig. 4.2a). A split disc design has also been proposed by
other groups [Gaul et al., 2018] featuring several thin discs to increase cooling efficiency (e.g.
fig. 4.2a). However, this solution is expensive as the procurement cost for amplifier glass discs
is dominated by the polishing cost of the optical grade surfaces instead of the material volume.
To reduce procurement cost and complexity of our system, the preliminary concept features two
discs of 25 mm thickness each and a single heat sink of forced convective cooling with either
liquid or gaseous coolant in between the two discs as shown figure 4.2b. The discs therefore
have a combined thickness of 50 mm, while the spatial expansion of the thermal gradient to the
heat sink can reach a maximum of 25 mm. The increase in combined thickness compared to the
legacy PHELIX system is to offer a potentially higher stored energy and the option to increase
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the gain from the discs.
In the chosen concept the glass discs double as the constraining windows for the coolant and
their outer surfaces are cooled via passive convective cooling with the ambient nitrogen atmo-
sphere. Omission of cooling the outer surfaces was decided to further reduce the amount of
media transitions in the system.
(a) Amplifier concept with five discs of 10 mm
thickness each.
(b) Amplifier concept with two 25 mm thick
discs.
Figure 4.2: Tow split disc configurations for a total disc thickness of 5 cm, approximating the
thickness of the current PHELIX amplifier discs.
4.2 Coolant Flow
To avoid the introduction of lateral thermal gradients in the glass due to uneven cooling, it is
necessary to design the coolant flow between the discs to be homogenous over the entire width
of the discs.
Early simulations using the commercially available finite element software CADFEM ANSYS
tested a simple design consisting of an inlet flange at the top, an outlet flange at the bottom
and a thin fluid layer between the two amplifier discs. These simulations showed the formation
of large vortices close to the center of the amplifier discs (fig. 4.3a) and thus the area most
important to the beam quality. The vortices trap heated coolant and thus locally reduce the
dissipation of heat from the amplifier discs.
To optimize cooling performance, it is therefore necessary to suppress the creation of vortices in
the cavity between the discs and achieve a laminar flow over the entire width of the amplifier
discs.
This can be achieved by distributing the flow from a single inlet flange to an array of inlet noz-
zles spread out over the width of the discs. The new setup creates a reservoir volume between
the inlet and the nozzles which is used to hydro-statically distribute the pressure from the inlet.
An initial design assumed a single elongated slit nozzle of the same width as the glass discs
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to distribute the pressure. However, this concept was dropped due to the simulations showing
the requirement of the slit opening to be below 0.5 mm to achieve equal pressure distribution
which was deemed too small for reliable manufacturing. By selecting a design with several noz-
zles where the total area of all inlet nozzles is less than the area of the inlet flange, the pressure
in the inlet reservoir is increased and equally distributed to the inlet nozzles. The simulation
in figure 4.3b shows that the introduction of a nozzle array between the inlet and the cavity, as
well as between the cavity and the outlet achieves a much more homogenous flow and reduces
the size of vortices compared to the previous setup.
The nozzle array setup features a coolant flow direction from bottom to top which was chosen
to flush bubbles out of the system.
It was further decided to shut off the coolant flow about 30 seconds before each shot to let the





(a) Simulation of turbulence and vortex formation in a simple cavity setup, consisting






(b) Simulation of turbulence and vortex formation in a cavity equipped with additional
nozzles Ã and reservoirs Ä for pressure equilibration in a shower-head configura-
tion. Flow direction is reversed to flush out potential bubbles in the coolant.
Figure 4.3: Fluid-dynamics simulation of cooling fluids between two amplifier discs using CAD-
FEM ANSYS CFX module on varying coolant flow setups. At this stage no suitable




To test the validity and performance of the proposed cooling concept, the design and construc-
tion of a full scale prototype amplifier module was necessary. The design is based on the split
disc concept discussed above and features two neodymium doped phosphate glass (chp. 2.2)
discs of 25 mm thickness each. The discs are cooled by a homogenous coolant flow created by
the same shower-head configuration of nozzles and cavities shown in figure 4.3b.
Further emphasis during the design was placed on the modularity of the prototype to allow
for rapid adjustments of various key components during the testing phase without requiring a
redesign of the entire prototype.
This modularity is achieved by designing the prototype around a monolithic frame (fig. 4.4)
with cutouts for the glass discs and the coolant cavity at its center. Additional cutouts are in-
cluded in the top and bottom for the nozzle blocks and reservoir cavities. The frame further
features mounting positions for the coolant seals as well as mounts for retainer elements for the





Figure 4.4: Schematic of the prototype module’s central frame with its cutouts for the glass and
coolant cavity À, the nozzle and reservoir cavities Á as well as mountings for coolant
seals Â and retainer clamps Ã.
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4.3.1 Spacers and Nozzles
The coolant cavity is designed as a cutout in the frame and features the same lateral dimensions
as the glass discs. This allows the glass discs to freely be moved in and out of the frame to adjust
the coolant cavity length in beam direction and thus the thickness of the coolant layer between
the discs. By mounting protruding spacers to the nozzle blocks it is possible to assemble the
prototype with a predefined cavity length depending on the thickness of the spacers.
The cavity spacers further serve as support points for the discs during assembly and against the
tension from the retainer screws on the discs. To avoid bending of the discs due to manufac-
turing inaccuracies, retainer screws are supposed to be used only at three points on each disc.
The distribution of tension introduced by the retainer screws in the glass was simulated using
Autodesk Inventor and the solution to minimize the accumulation of tension was found to be
an equilateral triangle. This triangle formed the basis for the positioning of the spacers on the
nozzle block seen in figure 4.5. To achieve compatibility between the upper and lower nozzle
block, both feature spacer mountings in the center between two nozzles as well as one spacer
on each side replacing a nozzle to form the base of the triangle.
The nozzle blocks further features mounting positions for additional spacers to prevent the glass
discs from settling at the bottom of the cavity, with these spacers only mounted to the bottom
nozzle block. This feature was included due to the potential of the settling glass discs to reduce





Figure 4.5: Schematic of the nozzle block with attached cavity spacers À, nozzles Á with 10 mm
separation, attached anti-settling spacers Â for the bottom nozzle block and the
O-ring groove Ã for sealing.
Besides hosting the spacers the primary function of the nozzle block is the equal distribution
of the inlet pressure over the width of the cavity. To achieve this, the blocks are designed with
54 drill-holes of 1 mm diameter and spaced 10 mm apart along the center line to serve as the
nozzles in the shower-head configuration (see fig. 4.3b). This design enables easy adjustments
of the nozzle configuration by replacement of the modular nozzle blocks without necessitating
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the redesign of the amplifier module.
Another important feature is leakage suppression. This is achieved by sealing the blocks against
the central frame with an O-ring fixed in place by a groove running around the edge of the
nozzle block.
4.3.2 Amplifier Discs
Since the amplifier design is supposed to be operated at the 100 J diagnostic laser at FAIR as
well as the existing PHELIX laser, the design of the discs has to be able to accommodate the
circular 30 cm diameter beam of PHELIX and the four circular 12 cm beams of the 100 J laser.
Due to the operation of the amplifier in the vicinity of the Brewster angle (see chp. 5.3.2 for
details), the beam shape at the surface of the discs is a horizontally elongated projection of
the original beam shape. The elongation can be described by a factor of cos(θamb)−1 which re-
sults in an elongation factor of ≈ 1.8 for an amplifier equipped with typical Nd:phosphate glass
[Hu et al., 2014].
This elongation effect is further accompanied by the horizontal shift of the beam due to refrac-










Figure 4.6: Horizontal shift of the beam due to refraction at ambient-glass and glass-coolant
interfaces.
The horizontal beam shift in the amplifier module s can be calculated by
s = 2 sglass + scoolant = 2 dglass tan(θglass) + dcool tan(θcool) (4.3)
with the shifts induced by the glass sglass and the coolant scoolant depending on the interior prop-
agation angles in the glass θglass and coolant θcool as well as the thickness of the discs dglass and
the coolant layer dcool. This shift has to be added to the elongated beam diameter of the beam
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profile to gain the minimum horizontal dimensions required of the glass discs and amounts to
≈3.4 cm for the combination of Nd:phosphate glass and water with a coolant gap between the
discs of 2 mm.
Combining the effects of horizontal elongation and shift of the beam for the circular beam pro-
file of PHELIX with a diameter of 30 cm, the resulting elliptical beam shape on the amplifier
discs features a major axis of 54.6 cm. With the addition of the beam shift, the discs require a
minimum horizontal free aperture of roughly 60 cm to operate as part of the PHELIX setup.
The 100 J diagnostic laser at FAIR is planned to multi-pass a 12 cm diameter circular beam four
times through different areas on the amplifier discs. To avoid overlap between the depleted ar-
eas and consecutive passes of the beams a square clear aperture of 32 cm x 32 cm was proposed.
This aperture will be projected on the discs as a rectangel with a width of ≈58.2 cm using the
same displacement as above.
From these considerations, the minimum dimensions of the rectangular free aperture for the
amplifier could be estimated at a hight of 32 cm, a width of 61.7 cm and a thickness of 2.5 cm.
The lateral dimensions of the prototype discs were increased to a hight of 34 cm and a width of
63 cm to accommodate for mounting space and tolerances.
These large lateral dimensions of the amplifier discs require the use of a cladding material at the
edges of the discs to absorb spontaneous radiation in the pumped discs, preventing transverse
lasing and the loss of stored energy.
The discs were further designed to feature rounded edges with a curvature radius of 32 mm for
fitting of a large O-ring to prevent coolant from leaking around the glass discs.
Manufacturing of the amplifier discs was contracted to the Shanghai Institute of Fine Mechanics
using their N31 neodymium doped phosphate glass [Hu et al., 2014] and a cladding glued to
the glass via an index matched epoxy glue.
4.3.3 Coolant Sealing
Containment of the coolant inside the amplifier is provided by sets of O-rings at the nozzle
blocks, the inlet and outlet adaptor plates as well as the glass discs. While the O-ring sealing
at the adaptor plates and the nozzle blocks is achieved by applying pressure to the O-ring
perpendicular to the sealing surfaces, this procedure can not be employed for the glass discs.
These phosphate glass discs are fairly brittle and tension in the discs can lead to stress induced
birefringence effects (see chp. 3.3.2 for details). To avoid damages, the discs are to be held in
place by screws made from soft materials, such as plastic, which will be thightened just enough
to prevent the discs from moving due to the pressure exerted by the coolant. The necessary
compression of the O-ring required for sealing therefore cannot be applied using the glass slab
as a counteractor to the applied force.
The solution is the use of a solid frame with a protruding extension, shown in figure 4.7, which
is mounted to the central frame and dimensioned such that no contact between the frame and
the glass discs occurs. The O-ring is placed in a gap between the central frame and the glass
discs which extends to the halfway point of the glass discs thickness. By tightening the mounting
screws of the frame the protrusion acts like a piston and pushes the O-ring against the central
frame. This leads to a compression and deformation of the O-ring, sealing the gap between the
central frame and the glass discs (fig. 4.7b). The position of the O-ring at the center of the glass
discs leads to a more even distribution of residual forces from the O-ring to the glass.
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(a) Schematic of the assembly of central frame,






(b) Half cut view of the central frame
À from above, the piston frame
Á and the glass discs Â showing
the compression scheme of the O-
rings Ã to contain the coolant in
the cavity.
Figure 4.7: Schematics of the designed sealing solution to contain the coolant in the cavity be-
tween the amplifier discs while reducing the stresses on the glass.
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4.3.4 Coolant Management
As discussed in chapter 4.2 it is advantageous to apply a flow direction of the coolant from
bottom to top to flush out any potential bubbles forming in the cavity between the discs. This
consideration is also included in the design of the coolant supply connected to the amplifier,






Figure 4.8: Flow diagram of the coolant supply featuring the elevated coolant supply tank À,
the amplifier module Á, the coolant drainage tank Â, the pump Ã to recirculate
the coolant and a heat exchanger Ä to resupply cool liquid to the supply tank.
The system is designed as a closed cycle cooling system to avoid the loss of expensive coolant.
Since vibrations from the coolant pumps can cause misalignment of amplifier parts between two
pulses a vibration free methode of supplying the coolant to the amplifier had to be developed.
The solution is the use of hydrostatic pressure from an elevated coolant reservoir to supply the
coolant to the amplifier, while a reservoir at lower elevation than the module serves as the drain.
Coolant can than be pumped from the drain to the supply reservoir using a motorized pump,
while passing though a heat exchanger connected to a cooling water supply to cool the heated
coolant down to operating temperature. Via this method an effective decoupling of the amplifier
module from the vibrating pump can be achieved.
To further reduce the impact of flowing coolant during the operation of the laser, valves at the
inlet and outlet of the amplifier module will be closed 30 seconds prior to an amplification event




The simulations to optimize the coolant flow used water as a benchmark cooling fluid but
optimization of the cooling process as well as optical and chemical constraints required
the investigation of additional fluids. To this end, a variety of chemicals were selected
by their published data ([Hale and Querry, 1973], [Vargaftik, 1975], [Otanicar et al., 2009],
[Kedenburg et al., 2012]), manufacturer’s data and supplemented by experimental results mea-
sured at GSI and TU Darmstadt. The investigated fluids consisted of
• liquid water,
• dry nitrogen gas,
• ethylene-glycol,
• Cargille S1050,
• F2 Chemicals Flutec PP1,
• F2 Chemicals Flutec PP2,
• F2 Chemicals Flutec PP3,
• F2 Chemicals Flutec PP6 and
• F2 Chemicals Flutec PP80.
Liquid water was chosen as a potential coolant for its large heat capacity, low viscosity and high
availability.
Nitrogen gas offers the advantage of chemical stability and low absorption of the laser wave-
length and as such it is already in use inside the PHELIX amplifier as a quenching gas. Use of
nitrogen gas would also considerably reduce the risk of damages in case of a coolant leakage.
Ethylene-gylcol is already used as a coolant in technical applications such as car engines, thus
it was also considered as a potential coolant for our amplifier as it features a considarable heat
capacity and a refractive index close to the amplifier discs.
Cargille S1050 is a product by Cargille Laboratories, it consists of a liquid blend of siloxane and
various aliphatic and alicyclic hydrocarbons but the exact composition is a corporate secret. It
was chosen due to its refractive index being close to the refractive index of the amplifier mate-
rial and its low absorption of the laser wavelength.
The various liquids by F2 Chemicals are fully-fluorinated fluorocarbons of differing carbon-chain
length, featuring a high chemical and thermal stability.
During this research, three major topics emerged by which to rate potential fluids which will
be discussed in this chapter, the thermal and kinematic properties of the fluids, their chemical
compatibility with the gain medium and their optical properties.
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5.1 Thermal and Kinematic Properties
Thermal and kinematic properties are two important features in a cooling fluid, as they define
the behaviour of the coolant in regards to the exchange of thermal energy from the thermally
loaded body to the coolant and thus the efficiency of the cooling process.
One important thermal feature of a potential coolant is its ability to absorb large amounts
of thermal energy without drastic changes in its temperature. The importance of this can be
seen in (3.5), where the thermal energy flux depends on the temperature differential between
the coolant and the surface of the thermally loaded body. The dependence of a coolant volume’s
temperature change on its absorbed thermal energy can be expressed in the volumetric heat
capacity which can be calculated by multiplying the density of a material with its specific heat
capacity (%cp). The volumetric heat capacity should ideally by as large as possible to reduce the
impact of coolant heating on the cooling process.
Another important thermal feature of the coolant is the temperature range between its phase
transitions. The specification to operate the amplifier at room temperature requires coolants in
this temperature range to be either liquid or gasseous with no phase transitions between 0 ◦C
and 50 ◦C as a safety margin. All chosen coolants for this research have been screened to avoid
phase transitions in this temperature range. While evaporation cooling is a possible cooling
mechanism, it is however impractical for our application and was thus not investigated.
One kinematic feature important for a cooling system is the viscosity of the fluid. Low vis-
cosity fluids allow for higher flow rates at the same drive pressure compared to high viscosity
fluids. This becomes important due to the limited amount of pressure that can be applied to the
system without deteriorating the optical performance of the glass discs as will be discussed in
chapter 7.3. High flow rates are desirable to provide a rapid exchange of the coolant volume
between the discs. This rapid exchange is necessary to mitigate the effect of the coolant absorb-
ing heat in the regions closer to the inlet, therefore providing a less effective heat sink to glass
regions further along the coolant path and thus lower thermal exchange rates which will lead
to uneven cooling of the amplifier glass.
In practice, viscosity and heat capacity complement each other and the reduced flow rate of
high viscosity fluids can be compensated, if they feature an increased heat capacity compared
to fluids with low viscosity and low heat capacity. There are, however, limits to this compensa-
tion, by using the law of energy conservation the amount of thermal energy which needs to be
extracted from the discs and absorbed by the coolant can be calculated as
∆Q = %cp,g · Vg ·∆Tg = %cp,c · Vc ·∆Tc, (5.1)
where ∆Q is the thermal energy removed from the glass, %cp,g and %cp,c are the volumetric


















water 4.173 0.459 0.890 1.22 462.9
nitrogen (gas) 0.117 16.344 0.018 43.24 83,062.9
ethylene-glycol 2.742 0.699 20.810 1.85 33.5
Cargille S1050 1.726 1.111 13.000 2.94 64.7
F2 Flutec PP1 1.833 1.046 0.656 2.77 2,411.6
F2 Flutec PP2 1.722 1.113 1.561 2.95 1,147.1
F2 Flutec PP3 1.760 1.089 1.919 2.88 933.1
F2 Flutec PP6 1.854 1.034 5.100 2.74 349.7
F2 Flutec PP80 1.842 1.040 2.950 2.75 583.4
Table 5.1: Volumetric heat capacity, required exchange volume, viscosity, estimated flow veloc-
ity in the cavity of the amplifier and the resulting Reynold’s number.
By assuming an increase of the discs’ temperature by ≈1.62 K (eqn. (4.2)) due to the pumping
process and a maximum permissible increase of the coolant temperature of ≈0.01 K, equation
(5.1) can be solved to calculate the necessary exchange volume of the coolant Vc.
The results in table 5.1 show that the low volumetric heat capacity of gasses such as nitrogen
compared to the liquid coolants leads to the necessity to provide a far larger coolant volume to
absorb the heat stored in the glass discs.
By dividing the exchange volume by the cross section of the cavity Acav = 63 cm x 0.2 cm, the
flow velocity and Reynold’s number of the coolant between the cavity can be calculated. The
Reynold’s number serves as an indicator for the laminarity of a flow process, with the critical
Reynold’s number for the transition from a laminar to a turbulent flow in a tubular geometry
usually set at Recrit ≈ 2300 [Rotta, 1956]. By comparing the Reynold’s numbers in table 5.1 to
the critical Reynold’s number, the results show a clear tendency of the gasseous coolant nitrogen
to exhibit a turbulent flow compared to the liquid coolants. This turbulent flow was regarded as
a potential risk to the operation of the amplifier due to the vibrations caused by the turbulences.
These vibrations could cause misalignment of the system during the cooling phase, requiring
readjustment of the amplifer after each cooling cycle and thus deminishing the gains in repe-
tition rate achieved by cooling. To avoid the issue of flow velocity induced vibrations nitrogen
was excluded from any further research into the coolants.
5.2 Chemical Compatibility
Aside from the thermal performance of the fluids, a critical feature of the potential coolants
is their chemical compatibility with various components in the amplifier. While the material
choice for many parts of the amplifier can be adjusted during the manufacturing phase to fit the
coolant, the chemical composition of critical parts such as the gain medium and its cladding are
unalterable.
While water has shown the best combination of thermal and kinematic parameters, its chemical
features result in corrosion damages to the glass surface. The corrosion process and its sources
have been studied in [Li et al., 2018] for the same glass used in this project. Corrosion could be
identified to occur in two stages, the first stage consisting of ion-exchange processes between the
water and the glass structure while in the second stage the corrosion is dominated by hydrolysis
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of some of the glasses chemical constituents. The latter stage causes structural changes to the
glass surface in the tens to hundreds of micrometer range. Surface defects of this size range
will be detrimental to the beam quality in the short term, while defect growth might render the
glass useless in the long term.
A second process by which water can have a destructive effect on phosphate glass is the growth
of existing micro-fractures from thermal loading or manufacturing defects. Cracks can propa-
gate from these fractures even at mechanical stress levels below the point of critical failure by
stress-enhancing chemical reactions of glass and water at the crack tip [Suratwala et al., 2000].
These cracks will also deteriorate the optical performance of the glass disc as well as causing
eventual structural failure after prolonged operation.
From the results of these publications it is apparent that water, though featuring the best com-
bination of thermal and kinematic properties, should not be used as a coolant to preserve the
glass discs.
A further chemical constraint on the coolants is set by the application of an absorbant cladding
to the amplifier discs. This cladding serves to mitigate the effect of transverse lasing in the discs
and is bonded to the glass via an index matched epoxy glue by the manufacturer SIOM (Shang-
hai Institute of Optics and Fine Mechanics). To avoid the dissolution of the bonding between
the glass and the cladding, any potential coolant has to be chemically inert towards the epoxy
compound. Since the composition of the epoxy glue is a manufacturer secret, a sample of the
Cargille S1050 liquid was sent to SIOM for compatibility testing along an ethylene-glycol sam-
ple provided by SIOM. The Flutec liquids were not used in these tests as the inherent chemical
inertness of the perfluorinated hydrocarbons was deemed a sufficient safeguard against chemi-
cal damages to the glass, cladding or glue.
The tests submersed a sample of cladding attached to the glass in the potential coolant and
utilized accelerated aging at 60 ◦C. The results of these test showed that ethylene-glycol will
dissolve the glue, disqualifying it as a potential coolant in the amplifier while Cargille S1050
does not seem to interact with the glue on a chemical level and could thus be used in further
investigations.
Cargille S1050, however, did feature known incompatiblities with common construction mate-
rials provided in the manufacturers data sheet, resulting in constraints on the materials used in
the construction of the amplifier module where the Flutec liquids did not impose any restrictions
on the choise of materials.
5.3 Optical Properties
Since the concept of the amplifier, described in chapter 4.1, requires the laser beam to be trans-
mitted through the coolant, further considerations on the optical properties of the coolants
and their influence on the laser beam are required. For the amplifier to deliver the required
amplification gain, losses in the amplifier have to be kept to a minimum. These losses can
be distinguished as absorption losses by attenuation of the beam energy in the coolant and
reflection losses at the interfaces between the coolant and the laser glass.
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5.3.1 Absorption Losses
Absorption losses occur due to photons of the laser beam being absorbed by coolants as either
electron excitations or excitations of rotational or vibrational modes in the coolants molecule.
These excitations can either reemit the light in a random direction by spontaneous emission or
convert it into thermal energy inside the coolant. The absorption spectra of each coolant are
unique to its composition and depend on the wavelength of the incident light.
The attenuation of light in a material can be calculated using the Beer-Lambert law
T (d) = e−α(λ)d (5.2)
where the transmittance T (d) of a medium of length d can be calculated from the exponential
of d and the wavelength dependent attenuation coefficient α(λ).
The Beer-Lambert law shows that an increase in transmittance can be achieved by reducing the
thickness of the absorbing material. In the case of the amplifier, this translates into the require-
ment to design the coolant layer and thus the cavity between the discs as thin as possible.
Absorbance Measurement of Coolants
Equation (5.2) further shows the importance of the wavelength-dependent absorption coeffi-
cient on the attenuation of the beam intensity. It is therefore important to gain accurate data on
the absorption spectra of the coolants.
Data for widely used liquids such ethylene-glycol is readily available and can be found in
[Otanicar et al., 2009]. Although the absorption characteristics of the Cargille S1050 fluid
were provided in the data sheet by Cargille [Cargille, 2018], the acquisition of the absorp-
tion data for the Flutec coolants by F2 Chemicals proved to be more difficult. The company was
able to provide absorption data for some of the liquids in the far infrared range but could not
provide data for the required wavelength of 1053 nm since none of these liquids had originally
been intended for optical applications. To evaluate the suitability of the Flutec liquids as trans-
missive coolants it became necessary to measure the absorption characterisitics experimentally.
By establishing contact with the Eduard-Zintl-Institut für Anorganische Chemie und Physikalis-
che Chemie from the Technische Universität Darmstadt, it was possible to gain access to their
V-770 UV-Visible/NIR Spectrophotometer. This device is a commercial system by Jasco, capable
of measuring the absorption spectra of samples in the wavelength range from 190 to 2700 nm,
thus covering the required wavelength region of the laser.
By measuring the transmitted intensity with and without a sample present, the device software








where Is(λ) is the wavelength dependent attenuated intensity while I0(λ) is the unattenu-
ated reference intensity which is measured without a sample at the given wavelength. The






and depends on the irradiated sample length l.
Mesurements were performed on samples of Cargille S1050, the F2 Chemicals Flutec liquids





































Figure 5.1: Excerpt of the measured absorption spectra for various liquids around the targeted
laser wavelength of 1053 nm, denoted by the vertical line. Measurements performed
with the Jasco V-770 UV-Visible/NIR Spectrophotometer at the Eduard-Zintl-Institut
für Anorganische Chemie und Physikalische Chemie. Absorption accuracy specified
as ±0.0035 cm−1 between 0 and 1.15 cm−1.
The results presented in figure 5.1 show a strong absorption of the laser wavelength in ethylene-
glycol compared to all other potential coolants.
The Cargille S1050 liquid also features an elevated absorption at 1053 nm to the Flutec liquids
which feature consistently low absorption coefficients of less than 0.1 cm−1 over the entire visi-
ble and near IR spectrum.
Comparing the Flutec liquids to each other, figure 5.1 shows that PP1, PP2 and PP3 feature
almost the exact same absorption coefficients in the spectral region of the laser wavelength as
their absorption lines are virtually indistinguishable. Only PP6 and PP80 show slight variations
to the other Flutec liquids, with PP80 featuring a slightly higher absorption coefficient while
PP6 exhibits a slightly lower absorption in the visible to near IR spectrum.
These measurements lead to the conclusion that F2 Chemicals Flutec PP6 offers the least ab-
sorption losses out of all liquids tested for our application.
5.3.2 Reflection Losses
Another process by which beam intensity is lost in the amplifier are reflections which occur at
every interface between two media with differing refractive indices. In the amplifier module,
these interfaces exist between the surrounding quenching gas and the glass discs as well as the
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glass discs and the coolant. Reflection losses denote the beam intensity lost due to primary
reflections at each of these interfaces.
The reflectance and transmittance for an interface can generally be calculated using Fresnel





















































Ts,p = 1− Rs,p (5.7)
with the incidence angle θi, the reflectance Rs,p and transmittance Ts,p as well as the refrac-
tive indices ni,t for the incidence and transmittance side of the interface. From (5.5) and (5.6)





















Figure 5.2: Reflectance at the interface of two media with ni > nt with the Brewster angle (red)
and the critical angle for total reflection (orange).
By plotting the Fresnel equations for ni > nt (fig. 5.2) two interesting regions become apparent.
One of these regions is the Brewster angle, at which p-polarized light does not incur any reflec-
tion losses as the reflectance drops to zero.
The second region is the critical angle for total internal reflection, it defines the minimum angle
at which light can no longer pass the boundary between the two media and all energy is re-
flected. This critical angle is highly dependent on the refractive indices of the media involved
and features a sharp change in intensity over a small region of incidence angles thus providing
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a sensitive methode for measuring the refractive index.
Total Internal Reflection Refractometer
Since equations (5.5) and (5.6) depend strongly on the refractive indices of the media involved,
determining these indices become an important topic. However, as with the absorption spectra
of the coolants, data on the refractive index at a wavelength of 1053 nm was not available for
all of the liquids and experimental measurements had to be conducted. Since no refractometer
was available for measurements of the refractive index at 1053 nm a setup had to be designed.
Using the sensitivity of the intensity under total internal reflection on the incidence angle
of the beam, an experimental setup was devised based on the Abbe-refractometer design
[Abbe, 1906]. The concept for the experimental setup is displayed in figure 5.3a and con-
sists of a laser diode À at 1053 nm, a prism Á with a well-known refractive index, a small
reservoir made from acrylic glass glued to the prism to hold the liquid Â and a photo diode Ã





(a) Schematic of the experimental setup
































(b) Plotted response function of the refractometer
for various prism materials.
Figure 5.3: Preliminary considerations on the setup and material choices for a total internal re-
flection refractometer.
By finding the incidence angle corresponding to the critical angle at the glass-liquid interface
the refractive index of the fluid can be calculated using Snells law and the geometric relations
inside a rectangular triangle, yielding










where n f and np are the refractive indices of the fluid and the prism respectively, the refractive
index of air is assumed to be unity and θL is the incidence angle at the prism-air interface (see
fig. 5.3a).
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To change the incidence angle the prism and reservoir are mounted to a manually adjusted roa-
tion stage with the detector mounted to an arm on a second rotation stage to follow the shifting
beam exiting the reservoir.
The prism material was chosen from the Thorlabs catalog after plotting (5.8) for the refractive
indices provided by Thorlabs for BK7, UV fused silica, calcium fluoride and zinc selenide. From
figure 5.3b it is apparent that the method is limited to a certain range of measurable refractive
indices depending on the choice of prism material.
The index range was set between 1.2 and 1.45 to cover the known refractive index of Flutec
PP6 at 589 nm which was provided by the manufacturer as 1.313. It was assumed that index
deviations due to the different wavelength of interest at 1053 nm would be small enough to fall
within this region. Furthermore, since the remaining Flutec liquids featured similar chemical
compositions and absorption behaviour as PP6, it was assumed that the deviations between the
Flutec liquids would also be small.
Figure 5.3b shows that the refractive index range between 1.2 and 1.45 can be realiably mea-







Figure 5.4: Experimental setup of the total internal reflection refractometer consiting of a small
cw-laser at 1053 nm À, two mirrors Á & Â to adjust the pointing of the beam, the
prism with the attached reservoir Ã mounted to a rotating stage, a second rotating
stage Ä to adjust the position of the detector and an arm holding the detector Å.
After the construction of the experimental setup (fig. 5.4) measurements were first con-
ducted on the known liquids water and ethanol to refine the measurement process and val-
idate the methode by comparing the experimental results to the refractive index provided in
[Hale and Querry, 1973] and [Kedenburg et al., 2012].
Measurements of Cargille S1050 could not be conducted as the samples had been given to the
Shanghai Institute of Optics and Fine Mechanics to test the chemical compatibility with the am-
plifier glass. However, since the refractive index of Cargille S1050 was well documented in the
manufacturers data sheet the omittance of the refractive index measurements on S1050 was
deemed acceptable. The unknown refractive indices of the Flutec liquids were finally measured
by utilizing the methode described above.
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Liquid n ∆n nlit(1053 nm)
water 1.318 ±0.009 1.326
ethylene-glycol - - 1.423
ethanol 1.355 ±0.001 1.355
Cargille S1050 - - 1.442
Flutec PP1 1.258 ±0.003 -
Flutec PP2 1.281 ±0.001 -
Flutec PP3 1.290 ±0.002 -
Flutec PP6 1.313 ±0.002 -
Flutec PP80 1.278 ±0.003 -
Table 5.2: Compilation of measured refractive indices and literature data
The measurements conducted with the setup were limited by the accuracy of the manually op-
erated rotation stage and the ability to determine the intensity drop of the transmitted light
with the photo diode. The measurement scale of the rotation stage enabled an accuracy of
several arcseconds for the incidence angle resulting in an accuracy of the refractive index of
< 0.01. From the data presented in table 5.2 it is apparent that the Cargille S1050 liquid and
ethylene glycol feature the closest match of all examined liquids to the refractive index of the
amplifier glass at 1.53 and would thus feature the lowest reflection losses for a given incidence
angle. However, as discussed at the beginning of this chapter, the transmission of the amplifier
depends on the interaction between reflection losses and absorption losses, thus a combined
analysis is necessary.
5.3.3 Transmission
By operating the laser in p-polarisation and mounting the gain medium at the Brewster angle,
figure 5.2 shows that the reflectivity of the interface drops to zero thus eliminating the reflection
losses. However, a system consisting of media with more than two differing refractive indices
involved requires a combined equation to express the transmission without the losses incurred
at each of the interfaces. In the case of a liquid cooled amplifier with two discs, the combined
equation for the transmittance of a p-polarized beam can be derived by using (5.7) to yield
T (θi) = (1− RA→G(θi)) · (1− RG→F(θG)) · (1− RF→G(θF)) · (1− RG→A(θG)) (5.9)
where T (θi) is the transmittance achieved at the incidence angle θi of the beam on the ampli-
fier, RA→G is the reflectance at the ambient to glass interface, RG→F is the reflectance between
glass and fluid, RF→G between fluid and glass and RG→A the reflectance at the glass to ambient
interface. By using geometric correlations in the plan-parallel setup of the amplifier (fig. 5.5)
and Snells law the incidence angles at each interface can be expressed by the incidence angle of
the beam relative to the amplifier:
nA sinθi = nG sinθG , nG sinθG = nF sinθF










Figure 5.5: Angles and relations in the plan-parallel setup of the glass discs and cooling liquid.
Using these correlations with equation (5.6) one finds that RA→G(θi) = RG→A(θG) and
RG→F(θG) = RF→G(θF). However, the Brewster angles for the Ambient-Glas and Glas-Fluid
interfaces are not identical and thus no single angle exists that reduces the reflection losses to
zero.
By angeling the amplifier relative to the beam, the beam path through the coolant is changed,
thus modifying the absorption losses in the coolant. The transmittance of the coolant described







Combining (5.9) and (5.10) and expressing all angles in relation to the incidence angle of the
beam on the amplifier a combined equation for the transmittance of the amplifier can be derived
as
T (d,θi) = (1− RA→G(θi))2 · (1− RG→F(θi))2 · Tcool(d,θi). (5.11)
By plotting (5.11) using the absorption coefficients presented in figure 5.1 and the refractive
indices of the coolants from table 5.2, figure 5.6 shows that an optimum angle exists for
maximizing the transmittance of the amplifier, depending on the coolant. The transmittance
behaviour with respect to the different coolants exhibits a considerable deviation of the maxima
from the Brewster angle, which is especially pronounced in the Flutec liquids. This behaviour
shows the necessity to operate the amplifier at a different angle than the Brewster angle to avoid












































Figure 5.6: Transmittance of the amplifier for a fluid layer of 1.5 mm and wavelength of
1053 nm. Transmittance calculated from (5.11) using absorption data from fig. 5.1
and refraction data from tab. 5.2. The Brewster angle of the amplifier glass with air
is denoted as a grey line.
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Figure 5.6 further shows a strong influence of the coolants on the transmittance, with values
as high as 96.7% ± 0.1% for Flutec PP6 and as low as 95.9% ± 0.1% for Flutec PP1 at their
respective maxima. Ethylene-glycol was again included as a reference and shows the dominance
of the high absorption coefficent of ethylene-glycol over its high index matching compared to
the other liquids with a transmittance of 91.7%± 0.1%.
The angular dependence of the transmittance is also influenced by the matching of the refractive
index of the coolant and the gain medium. Better matched liquids such as ethylene-glycole
and Cargille S1050 feature flatter slopes, while less well matched fluids such as Flutec PP1
through PP80 feature steeper slopes and thus increased dependence of the transmittance on the
incidence angle.
From figure 5.6 it is apparent that the absorption losses of ethylene-glycol discovered in figure
5.1 dominate the transmission behaviour of the coolant, while the lower absorption losses of
Cargille S1050 seem to be mitigated by its increased refractive index matching (see tab. 5.2).
These results show, that the highest transmission performance can be achieved by utilizing
the higher order Flutec liquids such as PP3, PP80 and PP6 with the latter exhibiting the best
transmission performance of all potential coolants. In these liquids their very low absorption
mitigates the pronounced difference of their refractive indices from the amplifier glass at their
respective optimum incidence angles.
5.4 Conclusion
Analysing the thermal and kinematic properties of potential coolants it was possible to rule out
nitrogen as a coolant due to the necessity to operate it at high flow velocities leading to vibra-
tions in the amplifier.
Further research into the chemical compatibility of the liquid coolants showed the gain medium
to be susceptible to dissolution and crack formation by water, while the glue connecting the
anti-reflection cladding to the glass was shown to be soluble in ethylene-glycol, thus preventing
the use of water and ethylene-glycol as coolants.
By measuring the absorption and refraction characteristics of the coolants it was possible to
calculate the optical transmission of the amplifier with the best transmittance of 96.7% being
achieved by Flutec PP6.
Comparing the categories of thermal and kinematic properties, chemical compatibility and
transmission performance, the liquids Cargille S1050 and F2 Chemicals Flutec PP6 emerged
as the best coolants for the chosen amplifier setup. While S1050 offers a higher heat ca-
pacity and better index matching, PP6 features a lower viscosity, lower absorption and less
restraints on the construction materials of the amplifier. The choice was finally made for F2




6 Simulated Prototype Operation
To estimate the performance of the prototype design in combination with the Flutec PP6 cooling
liquid, a series of simulations and analysis tools were used to analyze the cooling performance
as well as the resulting optical performance of the amplifier.
This was achieved using ANSYS simulations of the coolant flow and thermal transport as the
basis to calculate the distribution of thermal energy in the glass discs. From these distributions
the optical path of partial beams through the amplifier setup can be calculated, resulting in the
wavefront profile of the total beam. By analyzing these profiles using a zernike decomposition
tool developed at PHELIX, the deformations of the wavefront can be identified and potential
optimizing solutions can be formulated.
6.1 Thermal Distributions
To simulate the cooling performance of the prototype design the simulations conducted in chap-
ter 4.2 were extended to utilize the exact geometry of the prototype based on the design draw-
ings. The simulations were further improved by adding the thermal properties of the coolants,
the glass discs and the ambient gas.
Although the distribution of energy imparted on the glass by the flash lamps is by design mostly
homogenous, parts like the light shield will limit the exposure of the discs to certain areas.
This inhomogenous exposure to the pump light, thus leads to thermal gradients in the glass
which have to be equilibrated for optimum optical performance. The temperature increase of
the exposed glass reagions had been calculated in equation 4.2 and amounted to maximum
temperature differential of ∆T = 1.62 K in the discs. The cooling of the discs therefore serves
to reduce these thermal gradients as well as reducing the accumulation of thermal energy over
several consecutive pump events.
6.1.1 Coolant Temperature Profile
A set of preliminary one dimensional simulations were conducted to determine the time frame
in which cooling of the amplifier discs could achieve a reduction of thermal gradients to ∆T ≤
0.01 K as this was assumed to reduce the thermally induced aberrations of the beam to within
acceptable limits. These simulations used a one-dimensional representation of the amplifier,
including the ambient nitrogen gas and were thus mostly dominated by the thermal conduction
inside the glass discs. Initially, these simulations used a static temperature of 20 ◦C for the ni-
trogen gas and the coolant, which lead to cooling durations larger than ten minutes. To reduce
this cooling time and meet the goal set for this project, a temperature profile for the coolant
was introduced (fig. 6.1a). The shape of the temperature profile was originally modeled as a
step function but was quickly changed to a smoothstep function to simulate the behaviour of a
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heating element with its finite rise-time. The goal of this profile was to provide cooling liquid at
lower temperatures during the initial phase of a cooling cycle, increasing the thermal gradient
between the glass and coolant, thus enabling a higher thermal flux, as described in chapter 3.2.
By increasing the coolant temperature at a later stage in the cooling cycle, the temperature of






















(a) Smoothstep profile of the coolant tem-
perature, chosen to reflect the finite rise-























Initial coolant temperature Tinit (°C)
tonset = 60 s
tonset = 90 s
(b) Dependence of the cooling time on the
initial coolant temperature Tinit
Figure 6.1: Temperature profile of the coolant and its impact on the cooling time in one-
dimensional simulations of the amplifier setup.
The time, the system takes to stabilize at the target temperature (fig. 6.1b), depends on the
initial coolant temperature Tinit and the onset of the temperature increase tonset. These simu-
lations show that for certain temperature profiles cooling times of five minutes are potentially
feasable. However, figure 6.1b further shows that cooling the amplifier too much, by either
using colder coolant or increasing the temperature too late, the relaxation time of the system
starts to increase again. This is caused by the temperature distribution in the glass starting to
get dominated by the thermal gradients induced by the coolant and not the initial temperature
distribution. Since the one-dimensional simulations disregarded higher dimensional effects such
as tranversal thermal conduction, these temperature profiles had to be iteratively readjusted for
higher-order simulations going forward.
6.1.2 Simulation of Thermal Distributions
To study the removal of thermal energy from the actual geometry of the protoype a set of
simulations capable of introducing three-dimensional and transient effects such as transverse
thermal conduction in the glass and gradual heating of the coolant were necessary. These
simulations were conducted using the CFX module of ANSYS for simulating the fluid dynamics
of the coolant as well as the thermal transport.
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Setup
The simulation setup utilized the design drawings of the amplifier prototype to define the ge-
ometry of the fluid and glass volumes. By limiting the distribution of thermal energy in the
glass to an elliptical region at the center of the rectangular discs it was possible to simulate the
irradiation of the discs by pumplight from a single pump event passing through the aperture in
the light shield. Due to a lack of authentic flash lamp spectra and to save calculation time the
absorption of the thermal energy was simplified to a depth independent constant model instead
of using the Beer-Lambert law (5.2).
Thermal transport calculations were limited to the fluid and glass volumes, excluding the bulk
material of the amplifier frame. This approximation was chosen since the glass discs are only
in contact with structural components featuring low thermal conductivity, such as the plastic
spacers and the O-rings. The reduced calculation load provided by this approximation helped
to reduce the simulation time to about three CPU days.
Additionally, a heat sink was added to the outer surface of the glass discs to simulate convective
cooling with the ambient nitrogen gas.
The coolant flow between the discs was set up with an inlet at the bottom and an outlet at the
top the flush out any bubbles forming in the cavity, as discussed in chapter 4.2
To increase the performance of the coolant a tailored temperature profile was implemented to
utilize the effect discovered in the one-dimensional simulations.
Iterations on the temperature profile lead to an optimum cooling performance at an initial
coolant temperature of Tinit = 18 ◦C and an onset time of tonset = 210 s.
Simulation Analysis
From the preliminary simulations, it was discovered that cooling times between five to ten min-
utes could be achieved with optimized temperature profiles. While the original project proposal
had called for a repetition rate of 1/5 min−1 it was assumed that three-dimensional effects in the
discs and coolant impact the cooling time negatively. Thus, the maximum permissible cooling
time for the temperature differentials of a single pulse was set to 10 minutes.
However, the ANSYS simulations quickly showed that the more or less arbitrarily set goal for
the temperature differntials of ∆T ≤ 0.01 K defined in the one-dimensional simulations could
not be achieved within the 10 minute time frame. Therefore, the simulations were used to anal-
yse the effects leading to the increase in cooling time and to optimize the variable parameters,
such as the coolant flux and temperature profile, to minimize the thermal gradients as much as
possible within the given time frame.
One cause of the prolonged cooling time is the loss of cooling efficiency due to the gradual
absorption of heat by the coolant, seen in figure 6.2a. The heat absorption leads to lower tem-
perature differentials between the coolant and the glass regions farther from the inlet which
according to (3.5) leads to a reduction of the thermal flux and thus the observed reduction in
coolant efficiency. The result is a thermal gradient between the inlet region of the discs and the
regions closer to the outlet seen in figure 6.2b. This effect can be countered by either increasing
the flow rate of the coolant in the amplifier or replacing the coolant with liquids featuring a
higher volumetric heat capacity.
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To drive a higher flow rate the pressure differential between the inlet and outlet has to be in-
creased. An increase in pressure however exerts additional force on the glass discs which can
lead to deformations and damages if the pressure is to high. To avoid these effects an upper
limit of 300 mbar was set for the pressure differential between inlet and the ambient nitrogen,
which corresponds to the pressure at the outlet.
The option of changing the coolant was also considered, however, of the potential coolants (tab.
5.1) only water and ethylene-glycol featured a higher volumetric heat capacity than Flutec PP6
but those had to be ruled out due to their chemical incompatibility with the amplifier discs. The
solution of using lower viscosity liquids to boost the flow rate was also discarded as the lower
order Flutec liquids featuring lower viscosities than PP6 did not reach the required optical per-
formance.
The second reason for the prolonged cooling time compared to the one-dimensional case can
be found in the slow equilibration of thermal gradients in the transverse directions of the discs.
Since this equilibration is dominated by the low thermal conductivity of the glass very little
could be done to mitigate the problem. Due to the slow equilibration the shape of the initial
thermal distribution in the glass can still be identified in figure 6.2b after ten minutes of cooling.
To extract as much thermal energy from the discs as possible in the given time frame and thus
try to even out the thermal gradients, the coolants’ temperature profile had to be optimized.
By using the profile for the one-dimensional case as a basis, the onset time and initial coolant
temperature could be varied to optimize the reduction of thermal gradients after a ten minute
cooling phase. The optimal parameter set found for simulations using PP6 as the coolant at an
inlet-outlet pressure differential of 300 mbar was an initial coolant temperature of Tinit = 18 ◦C
for an onset time of tonset = 210 s.
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(a) Temperature map of the coolant 60 seconds after the pulse, showing the gradual heating of
the cooling liquid during its traverse from the bottom of the amplifier to the top. Also shown
are volumes of heated coolant trapped at the edges of the amplifier due to the formation of




(b) Temperature distribution at the center of the glass disc after a single 10 minute cooling phase.
Points of interest are the inlet À and outlet Á regions as well as the remnant of the original
temperature distribution Â.
Figure 6.2: Temperature maps of the coolant and the glass, showing the gradual heating of the
coolant and its effect on the cooling process of the amplifier discs.
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Simulation of Repeating Pulses
After optimizing the free parameters for a single cooling phase of ten minutes, the simulations
were extended to research the effects of multiple consecutive pump events on the temperature
distribution in the glass. These simulations served as a more accurate representation of the ac-
tual operation of a repeating laser amplifier and could be used to identify the effects of residual
thermal energy on successive cooling cycles.
The simulations for repeated pulses used the same basic setup as the single cooling phase simu-
lations but implemented a periodic increase of the thermal energy in the aperture region every
five minutes to simulate the targeted repetition rate of 1/5 min−1. The optimized temperature
profile of the coolant found in the previous simulations was implemented and repeated for each
cycle. The total simulation time was also increased to cover the thermal evolution of the system






































Figure 6.3: Evolution of the maximum temperature differentials observed in the glass discs over
consecutive cooling cycles. Pump event occurs every 300 seconds.
With the goal to minimize the thermal gradients in the glass discs, analysis of the evolution of
the thermal gradients over successive pump and cooling cycles is necessary. Figure 6.3 shows
this evolution of the maximum thermal gradient present in the discs during the simulation.
During a cooling cycle the thermal gradient first increases as glass in closer proximity to the
coolant is cooled much quicker than glass regions further from the coolant layer due to the low
thermal conductivity of the glass. The gradients decrease once the coolant is switched from its
initial temperature to the operating temperature of the amplifier. However, the short cooling
time of 300 seconds does not allow the gradients to be extracted completely and successive
pump events lead to an accumulation of thermal energy in the glass discs. Figure 6.3 shows that
this accumulation lasts for the first two to three cooling cycles until the increase in thermal gra-
dients levels out. This is caused by the increased temperature differential between the heated
glass regions and the coolant, thus increasing the thermal flux in these areas. This increase
in thermal flux leads to a balance between the heat accumulation in the discs and the cooling
62
provided by the increased temperature differential. The result is the formation of a steady state
for the final thermal distribution in the glass over consecutive pulses.
6.2 Optical Path and Wavefront
Chapter 3.3 has shown how these residual thermal distributions cause changes to the optical
behaviour of the amplifier material and ultimately distort the transmitted wavefront. To identify
the detrimental effect of the thermal distributions predicted by the simulations, it is necessary
to calculate the optical path of a set of rays. From this set of optical paths an analysis of the
incurred wavefront aberrations can be conducted.
6.2.1 Optical Path Distortion
To apply the calculation of the optical path distortion (chp. 3.4.1) to the simulated thermal
distributions in chapter 6.1.2 a custom post-processing script was necessary as the available
ANSYS modules did not offer this feature. The script combined a ray tracing algorithm with an
n-Simplex interpolation [Hemingway, 2002] to calculate the optical path of a set of rays which
were generated in a rectangular grid with a set grid size of 56 x 32 cm and a resolution of 5 mm
to simulate the behaviour of a plane wave.
This rectangular shape allowed for the investigation of the optical path in the disc regions rel-
evant to both the PHELIX setup with its large elliptical beam projection as well as the 100 J
diagnostic laser with its rectangular setup of four beams.
The incidence angle of the rays was further set to mimic the experimental setups at θi = 48◦.
Evaluation of the optical path of each ray commenced in steps of 5 mm from the surface of the
discs, using Snell’s law to account for refraction of the rays at the ambient-glass and glass-fluid
interfaces.
The optical path length of each step was calculated using a discrete application of (3.15). The
interpolation algorythm was used to calculate the local temperature of the glass from the AN-
SYS data at the sampling points of each ray. From these local temperatures the local refractive
index and thermal expansion of the glass could be derived to be used in (3.15). Since detailed
information on the indicatrix of the glass was not available, stress calculation and thus birefrin-
gence effects of the refractive index had to be omitted (see chp. 3.3). By iteratively calculating
the optical path length of each ray, as it passes through the amplifier discs, a map of the optical
path differences could be created.
6.2.2 Wavefront Analysis
To understand the effects of these optical path differences on the propagation of a beam through
the amplifier, it is necessary to derive the resulting wavefront. By sampling the original beam
as a set of rays and assuming the use of a monochromatic beam with a planar wavefront as an
input beam (see chp. 3.4.2), the optical path differences calculated by the ray-tracing algorithm
can be directly translated into localized phase shifts of the wavefront using equation (3.20).
The resulting shape of the wavefronts directly after a single pump event followed by ten min-
utes of cooling are depicted in figure 6.4. By comparing the wavefront at the beginning of the
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cooling cycle to the ideal case of a plane wavefront the impact of the thermal distributions in
the glass and the necessity of cooling becomes apparent. This is caused by a shift of the central
beam region in the positive phase direction compared to the periphery of the beam. The shift
shows an increase of the optical path which can be attributed to the dominance of the positive
linear thermal expansion coefficient α = 115× 10−7 K−1 over the negative linear thermo-optic
coefficient dn/dT = −43× 10−7 K−1 of the glass [Hu et al., 2014].
By comparing the wavefront of the uncooled amplifier to a ten minute simulation of the legacy
setup using passive convective cooling with an ambient nitrogen volume (fig. 6.4b), it is ap-
parent that the low thermal conductivity of the glass paired with the low heat capacity of the
ambient nitrogen leads to an insufficient extraction of the thermal gradients in the discs. The
result is only a marginal reduction in the deformations of the wavefront after ten minutes of
cooling.
The simulated wavefront of the prototype setup (fig. 6.4c) shows a clear improvement to the
wavefront distortions over the legacy setup and the uncooled case by significantly reducing the
wavefront deformations.












(a) Wavefront evaluated directly after a sin-
gle pump event.












(b) Wavefront after ten minutes of passive
cooling in the legacy setup of PHELIX
using only the ambient nitrogen gas.












(c) Wavefront after ten minutes of active
cooling using the prototype setup.
Figure 6.4: Wavefronts derived from the simulated temperature distributions of a single ten
minute cooling phase showing the difference between passive and active cooling
on the wavefront evolution.
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By increasing the repetition rate to 1/5 min−1, it was shown previously that the maximum ther-
mal gradients in the glass at the end of each cooling cycle approach a steady state (fig. 6.3).
Comparing the changes of the wavefront occuring between the end of the first and third cool-
ing cycle (fig. 6.5a), the previously observed increase of thermal gradients over these cycles
is shown to impact the evolution of the wavefront quite significantly. However, comparing the
wavefront at the end of the third and fifth cycle (fig. 6.5b), a significant decrease in the varia-
tions between the two can be seen. The variations between cycles further decrease between the
fifth and the tenth cycle (fig. 6.5c) supporting the hypothesis of the formation of a steady state
by operating the amplifier prototype at a repetition rate of 1/5 min−1.
While it would be ideal if the temperature differentials in the glass discs could be reduced to an
isotropic distribution, the development of a steady state for the wavefront in combination with
adaptive optics would enable the operation of the design at the targeted repetition rate without
requiring a complete extraction of all thermal gradients from the discs as long as the cycle of
pump events is not interrupted.



























(a) Phase difference profile between the
end of the first and third cooling cycle.



























(b) Phase difference profile between the
end of the third and fifth cooling cycle.



























(c) Phase difference profile between the
end of the fifth and tenth cooling cycle.
Figure 6.5: Difference profiles between the phase shifts at the end of various cooling cycles dur-
ing a 1/5 min−1 repetition rate simulation, showing the development of a steady state
previously observed in figure 6.3.
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Zernike Decomposition
To optimize the wavefront transmitted by the amplifier mitigation techniques for the deforma-
tions have to the formulated. This requires the quantitative analysis of the aberrations via a
zernike decomposition of the wavefront. The analysis was conducted using software developed
at PHELIX to analyse the phase shift data from the ANSYS and raytracing simulations. By de-
composing the wavefront profile into its constituent Zernike polynomials using the |Rmn (1)| = 1
scaling (see chp. 3.4.3), the analysis tool can be used to determine the amplitude of each






























































Figure 6.6: Evolution of Zernike aberrations caused by simulated thermal distributions in repeat-
edly pumped glass discs with pump events every 300 s.
Figure 6.6 shows the evolution of the most prominent Zernike aberrations present in the wave-
fronts of a simulation at a repetition rate of 1/5 min−1.
The results exhibit the same steady state behaviour over multiple cooling cycles as observed
before but the Zernike decomposition further allows the identification of the two dominant
aberrations as a tilt in Y-direction and a 0 degree astigmatism.
The occurence of the Y-tilt can be traced to the vertical temperature differential between the
lower and upper regions of the glass discs caused by the gradual heating of the coolant already
discovered in figure 6.2b. A reduction of the aberration would be possible by either increasing
the pressure differential between inlet and outlet, thus increasing the flow rate of the coolant
or discovering a suitable coolant featuring a better combination of volumetric heat capacity and
viscosity compared to Flutec PP6.
The second most dominant aberration is the 0 degree astigmatism which features a more com-
plex three-dimensional geometry (fig. 3.4) and whose origin can be traced to the elliptical initial
thermal distribution in the glass. Due to the elliptical shape of the distribution, coolant passing
over the left and right sides of the discs passes heated areas over shorter distances compared to




Figure 6.7: Comparison of the different exposure paths of the coolant to the heated glass in the
central and side regions of the elliptical thermal distribution.
This difference in coolant heating causes an uneven extraction of heat between the central and
the side regions of the heat distribution. The result is a lower temperature at the side regions
of the discs at the end of each cooling cycle leading to a difference in the optical paths in these
regions and the resulting astigmatism observed in the wavefront profiles.
A way to mitigate this aberration would be an increase in either flow rate or volumetric heat





To validate the simulation results of chapter 6 as well as testing the mechanical viability of
the prototype, a test bench was constructed at PHELIX. Testing in the scope of this thesis was
limited to the coolant seal tightness and the impact of static deformations of the glass discs on
the transmitted wavefront.
As a measure to avoid damages to the expensive amplifier glass discs, a pair of optical grade
dummy discs was procured from Bond Optics and used in all tests of the amplifier. These discs
were made off Ohara S-BSL7 [OHARA, 2017] glass featuring a slightly lower refractive index
than the phosphate glass by SIOM at 1.51 instead of 1.53 and featured no doping.
7.1 Coolant Seal Tightness
One concern surrounding the operation of a liquid cooled amplifier during the concept phase
was the potential of coolant leaking from the module and causing damage to equipment in the
vicinity, especially electrical components such as the flash lamps. To prevent damage to such
components, the first test conducted on the amplifier module tested the tightness of the coolant
seals, especially the sealing scheme necessary to reduce bending of the glass discs (see fig. 4.7).
For the test, the amplifier was assembled with the dummy discs and positioned upright in a




Figure 7.1: Setup for testing the seal tightness, with the water supply reservoir À elevated
above the prototype Á for the hydrostatic feeding of water. Further shown are
the drainage tank Â below the prototype module and the spill basin Ã.
Due to the use of the dummy glass discs it was possible to use destilled water for these tests
as the risk of chemical damages to the dummy glass was deemed acceptable, contrary to the
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amplifier glass which was considered too expensive to take this risk. The choice of replacing
Flutec PP6 with water dramatically reduced the cost of these tests and enabled a quicker access
to the required amount of liquid.
During the assembley of the prototype it was found that the red colored O-ring for sealing the
glass discs was only visible when in direct contact with the dummy discs due to total internal
reflection in the glass. This effect was used to confirm that the O-rings were in full contact with
the glass discs after tightening the screws on the piston frame (fig. 7.2) by checking the visibility
of the O-rings around the circumference of the discs.
(a) Prototype with uncompressed O-ring seal.
The O-ring is only visible in small areas
where the bending of the O-ring pushes it
against the glass.
(b) After tightening of the piston frame screws
the O-ring is compressed and contact be-
tween the ring and the glass discs is
achieved over the entire circumference of
the disc.
Figure 7.2: Different compression states of the red O-ring seal around the glass discs during as-
sembly. Visibility of the O-ring is used as indication for contact between the seal and
the glass.
To test the tightness of the seal a water supply and a drain reservoir were attached to the bottom
and top of the module respectively.
Filling the amplifier prototype with water showed that the seals held tight and no leakage was
discovered during the process. However, after several assemblies and disassemblies of the am-
plifier it was found that some leakage could occure due to an inhomogenous compression of the
O-ring. The source of this inhomogeneity could be traced to a region of increased stiffness of
the O-ring material. It was found that the O-ring was made from a rubber cord whose ends had
been connected with the connection point proving to be the cause of the stiffness. To counter the
resulting decreased compressibility, the connection point was placed close to one of the mount-
ing screws of the piston frame and torgue applied to this screw was increased compared to the




After ensuring the tightness of the coolant seals, the prototype with the dummy glass discs was
placed into the optical test bench to measure the transmitted wavefront. Early optical tests
used no coolant to identify effects caused soley by the glass, while later tests used water as a
substitude for PP6 to conduct the initial tests of the wavefront behaviour. Due to the good match
between the refractive indices of water and PP6 at 1053 nm, this substitution reduced the cost
of procurement as well as the complexity of the setup as no recycling system for the coolant had
to be implemented at this stage.
The test bench was upgraded with an additional optical setup, shown in figure 7.3a, which
enabled the detection of the transmitted wavefront of a double-pass through the prototype via
a probe beam provided by a contiuous wave (cw) diode laser at 1053 nm. Further additions
included a tent structure around the test bench to reduce the impact of air turbulences on the
propagation of the beam. By using a diffusing lense and an off-axis mounted parabolic mirror
it was possible to increase the beam diameter of the probe beam to about 20 cm, filling parts of
the aperture of the prototype discs (fig. 7.3a). The setup futher featured a zero degree mirror
after the prototype module to double-pass the discs and direct the beam back down the beam
path (fig. 7.3b) to a beam splitter. The beam splitter was used to decouple the return beam to
the Shack-Hartmann-Sensor for analysis of the returning wavefront.
During this thesis, the setup had not yet been optimized and only qualitative measurements of
the wavefront could be conducted. The reason was an insufficiently optimized relay imaging
of the wavefront from the amplifier to the wavefront sensor. This faulty relay imaging resulted
in large shifts of the beam in the sensor’s near-field caused by wavefront tilts in the amplifier.
The large shifts of the beam required constant readjustment of the system to realign the beam
with the wavefront sensor and made reproducibility impossible. These effects were further
compounded by large fluctuations in the wavefront caused by motion of the air which could not
be entirely suppressed by the tent.
Measurements on a dry amplifier were dominated by these fluctuations, while the observed
wavefront in a water filled amplifier showed a prominent line focus feature which dominated
the air induced fluctuations. The line focus could also be directly observed in the returning
beam as the beam shape had been visibly distorted into a horizontal line.
An explanation for this horizontal line focus was hypothesized to be the deformations of the
glass discs under the hydrostatic pressure of the coolant inside the coolant cavity. Since the
retainer elements only supported the upper and lower ends of the discs the resulting bulge
would feature a cylindrical shape resulting in the line focus.
To test this hypothesis a negative pressure was applied to the outlet end of the amplifier by
closing the inlet valve on a toped up coolant cavity and opening the outlet valve leading to the
drainage reservoir at lower elevation. Due to the outlet of the amplifier being on the top of
the module this did not drain any coolant from the coolant cavity. A qualitative analysis of the
transmitted wavefront during the pressure reduction first showed a reduction of the horizontal








(a) Overview of the test bench setup consisting of the tent structure À, the
prototype module in a spill basin Á, a parabolic mirror Â, a zero degree





(b) Optics setup for the wavefront analysis with the incident beam À from the
laser source, the diffusing lense Á towards the parabolic mirror, a beam
splitter setup for the returning beam Â and a Shack-Hartmann-Sensor Ã
for the detection of the wavefront.
Figure 7.3: Test bench setup showing the general setup with the prototype and the optical setup
for the wavefront analysis.
72
7.3 Simulated Disc Deformation
To gain a better understanding of the glass deformations by the hydrostatic pressure between
the discs and to find ways to mitigate these deformations, a series of simulations was conducted.
In these simulations ANSYS was used to investigate the topology of the deformations caused by
the hydrostatic pressure as well as the application of positive ambient pressure to the coolant.
Further simulations were used to explore the impact of new retainer element configurations to
mitigate the deformation effects for future iterations of the amplifier prototype.
The setup used in these simulations consisted of the discs, the retainer elements and their cor-
responding spacers, with the latter two implemented as static support points.
The simulation of the current retainer setup (fig. 7.5a) under the hydrostatic pressure of the
coolant yielded a deformation of several micrometers at the center of the discs. The topology
of the deformation shown in figure 7.4a exhibits a linear horizontal bulge at the center of the
discs. This horizontal bulge results in the formation of a cylindrical lense by the coolant and a
subsequent line focus in the transmitted wavefront which matches with the observations at the
testbench.
By using Pascal’s law [Meschede et al., 2015] to describe the hydrostatic pressure between the
discs as
p(h) = ρgh+ p0, (7.1)
with the pressure p at depth h depending on the density ρ of the liquid and the gravitational
acceleration g, it is apparent that the application of an ambient pressure p0 at the surface of the
coolant can be used to modify the pressure exerted on the discs. By applying a negative ambient
pressure, as was done during the prototype tests, it is possible to counter the hydrostatic pres-
sure at a specified depth leading to a net negative pressure above and a net positive pressure
below this depth.
A simulation of this setup with a balance between hydrostatic and ambient pressure at the center
of the discs can be seen in figure 7.4b showing a reduction of peak deformation by an order of
magnitude compared to figure 7.4a. However, the formation of a low and a high pressure region
between the discs leads to a S-shape deformation which is further compounded by indentations
caused by the retainer elements.
Decreasing the ambient pressure further leads to the formation of two vertial indentations left
and right of the central retainer elements seen in figure 7.4c. These indentations cause the
formation of a vertically oriented cylindrical lense resulting in the vertical line focus which was
also observed during the prototype tests.
To optimize the retainer configurations a set of new retainer setups was introduced in the simu-
lations. These retainer configurations shown in figure 7.5 display the gradual progression from
point support structures in figure 7.5a and 7.5b to linear support structures. While additional
point support structures are easier to implement in the current prototype design the advantage
of linear suport structures is their support of much larger areas of the discs compared to point
support.
For each retainer configuration two simulations were conducted, one using only hydrostatic
pressure as the source of the deformation and a second featuring the additional application of
ambient air pressure to reduce the peak deformation.
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[m]
(a) Deformation of the discs under hydrostatic
pressure.
[m]
(b) Deformation of the discs under hydrostatic
and ambient air pressure. The air pressure
outside the discs was adjusted to compen-
sate the hydrostatic pressure at the center
of the discs.
[m]
(c) Deformation of the discs under hydrostatic
and ambient air pressure. The air pressure
outside the discs was adjusted to compen-
sate the hydrostatic pressure at the bottom
third of the discs.
Figure 7.4: Simulated deformations of the glass discs under pressure from the coolant and ambi-
ent atmosphere using the retainer configuration of the prototype (fig. 7.5a).
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(a) Retainer setup of the current prototype,
featuring six plastic screws as support
points.
(b) Retainer setup with two additional retainer
screws to support the discs.
(c) Retainer setup with two additional bars at
the sides to broaden the support area.
(d) Retainer setup also replacing the original
screws with bars.
(e) Retainer setup featuring a single bar-frame
to maximize the supported area.
Figure 7.5: Retainer setups investigated to understand and improve the disc deformation due to
hydrostatic pressure.
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By simulating the introduction of additional retainer elements to counter the deformation at the
sides of the discs (fig. 7.5b), a change to the geometry of the deformation from a cylindrical
lense to a spherical lense (fig. 7.6a) can be observed. While the shape of a spherical lense is not
further changed by any of the other retainer configurations (fig. 7.5c - 7.5e), the magnitude of
the deformation can be reduced to about one micrometer, a third of the deformation simulated
for the current prototype configuration, by using a continuous retainer frame (fig. 7.6b).
Applying negative ambient pressure to the other configurations leads to a further decrease in
the magnitude of the deformations with the final setup of a continuous support frame (fig. 7.5e)
featuring deformations below one hundred nanometers (fig. 7.6c).
However, utilizing the ambient pressure scheme results in the development of S-shaped defor-
mations of the discs independent of the retainer layout which are similar to those observed in
figure 7.4b due to low and high pressure regions in the coolant.
To quantify the wavefront aberrations induced by the dics shapes and to enable comparisons
to future prototype tests, the ability to export the deformed disc geometries as optical elements
to ZEMAX OpticStudio was demonstrated. However, simulation and analysis of the resulting
transmitted wavefronts has yet to be conduct.
76
[m]
(a) Simulation of the hydrostatic deformation
of the retainer setup in fig. 7.5b.
[m]
(b) Simulation of the hydrostatic deformation
of the retainer setup in fig. 7.5e.
[m]
(c) Simulation of the combined hydrostatic and
positive air pressure deformation of the sin-
gle frame retainer setup (fig. 7.5e).
Figure 7.6: Simulated deformations of the glass discs showing the reduction of deformation
magnitude by using modified retainer geometries.
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8 Summary and Conclusion
The goal of this thesis was the development of a large aperture actively cooled laser amplifier
prototype to increase the repetition rate of high energy, high power lasers. The targeted rep-
etition rate of 1/5 min−1 of the prototype was chosen to meet the requirements of the planned
Helmholtz beamline and the 100 J diagnostic laser at FAIR in addition to serving as a potential
upgrade of the PHELIX facility.
The performed investigations mainly focused on overcoming the limiting factors for the repeti-
tion rate of such a system. Additionally, a combination of simulations and tests on a full scale
prototype module were used to validate and optimize the cooling procedure.
The repetition rate of laser amplifiers is mostly limited by their ability to provide constant
focus quality over multiple pulses. This ability is negatively impacted by anisotropic thermal
distributions in the gain medium caused by the pumping process which have to be removed or
equilibrated between consecutive pulses to regain the focus quality of the system. By assuming a
targeted gain factor of 1.5 for the amplifier as a reference, equation (4.2) was used to calculated
the thermal gradients expected in the discs, which could reach 1.61 K in the regions exposed to
the optical pump.
In this project a split disc amplifier was designed to reduce these thermal gradients in a large
aperture glass based amplifier. The developed design features two neodymium doped phos-
phate glass discs surrounding a cavity filled with a liquid coolant to extract the thermal energy
deposited by the pump process via forced convective cooling. To facilitate a homogenous ex-
traction of thermal energy a nozzle design was concieved that enabled a homogenous coolant
flux over large parts of the discs by minimizing the size and occurence of vortices. The proto-
type further featured a modular design to optimize and easily replace various parts to allow the
adaption to potential problems discovered during the experimental phase.
The geometry of the chosen split discs design requires the coolant to feature high transmission
qualities in addition to its thermal and chemical requirements to enable the optimal perfor-
mance of the prototype. By comparing the thermal and kinematic properties of the coolants, it
was necessary to exclude gasseous coolants for our application as their propensity for turbulence
formation in the setup and the resulting vibrations were deemed detrimental to the design.
Research in publications and experimental tests at the Shanghai Institute of Optics and Fine Me-
chanics further showed chemical incompatibilities of several liquids with the amplifier glass and
cladding glue ([Li et al., 2018], [Suratwala et al., 2000]).
To compare the optical performance of the coolants, their respective absorption spectra and
refractive indices were measured at the Eduard-Zintl-Institut für Anorganische Chemie und
Physikalische Chemie at the Technische Universität Darmstadt and at GSI. These measurements
allowed the calculation of the transmissivity of the amplifier setup at the wavelength of the laser
using Fresnel’s equations and the Beer-Lambert law. From these calculations the S1050 liquid by
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Cargille with a corresponding transmissivity of 96.2% and the Flutec PP6 by F2 Chemicals featur-
ing a transmissivity of 96.7% emerged as the best coolants investigated for optical transmission.
PP6 was then chosen as the final coolant due to its increased optical and thermal performance
over S1050 coupled with its lower procurement cost.
Simulations with the software CADFEM Ansys were used to investigate and optimize the cooling
process using a tailored temperature profile for the coolant. The temperature distributions in
the glass resulting from these simulations were further processed by a ray tracing script and
zernike decompositions of the wavefronts to calculate the behaviour of the wavefront in the
amplifier over consecutive pulses. By analyzing the wavefronts, the impact of various geometric
features of the design as well as the development of a steady state for the wavefront aberrations
after three to five pulses at the targeted repetition rate of 1/5 min−1 could be revealed.
To validate the simulations of the design experimentally, a full scale prototype was manufac-
tured by the company VA-Tec and set up in a test bench at GSI. An early iteration of the test
bench was used to prove the mechanical stability of the design as well as the tightness of the
coolant seals. An attached Shack-Hartmann-Sensor was further used for qualitative measure-
ments of the wavefront aberrations incurred by the prototype. The observed aberrations showed
the formation of cylindrical lenses which could be traced to bulging of the amplifier discs under
the hydrostatic pressure of the coolant. Based on this finding, an investigation was launched to
develop improved retainer geometries to mitigate these deformations by the hydrostatic pres-
sure.
The conducted research into actively cooled large aperture glass amplifiers in this thesis has
thus been able to produce a scalable design for enabling the operation of large aperture optical
power amplifiers at increased repetition rates. By supplementing published material data with
experimental results, a coolant matching the optical, chemical and thermal requirements of such
a design could be identified in the Flutec PP6 liquid by F2 Chemicals. Furthermore, with the
help of simulations of the thermodynamic and hydrodynamic properties of the design, a theo-
retical repetition rate of 1/5 min−1 was achieved by exploiting the development of a steady state
in the wavefront aberrations. While the hydrostatic deformation of the amplifier discs lead to
additional deterioration of the transmitted wavefronts in the prototype, it could be shown that
modifications to the retainer geometries could be used to mitigate these effects in the future.
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9 Future Prospects
The results presented in this thesis have shown the theoretical viability of the proposed cooled
amplifier design for increasing the repetition rate of short pulse lasers in the hundreds of Joule
regime. However, further experimental validation of the design requires additional research
and modifications to the existing design and the introduction of peripheral elements to reach
an operational state. In the following sections the necessary modifications to the current design
and test setup, the required elements to assemble an operational amplifier and the remaining
tests to validate the final design will be discussed.
9.1 Design Improvements
During the experimental testing phase of the amplifier prototype a series of short-comings in
the design of the prototype as well as the test bench have been discovered, which prohibited
the quantitative analysis of the current prototype iteration. To improve upon the current setup,
modifications of the optical test bench as well as the retainer elements of the amplifier discs are
necessary.
The major improvement to the optical test bench, required to enable a quantitative analysis
of the amplifiers transmitted wavefront, is the introduction of an image relaying setup to prop-
erly image the transmitted wavefront to the Shack-Hartmann sensor. The current iteration of
the test bench was built with image relaying in mind but restrictions of the available physical
space for the construction of the test bench lead to compromises which severly limited the qual-
ity of the image relaying setup. Therefore, input for further iterations of the prototype design
as well as characterizations of the system under thermal loads requires upgrades to the image
relaying system of the optical test bench.
The qualitative analysis of the transmitted wavefronts of the prototype in chapter 7.2 has
shown that the combination of hydrostatic pressure by the coolant and the current configu-
ration of retainer elements lead to the creation of a cylindrical lense. Solutions to this problem
have already been discussed in chapter 7.3 but have yet to be realized on the prototype. The
best solution was the continuous frame to distribute the counter force to the hydrostatic pressure
evenly. However, this solution is problematic as the exertion of force on the discs from more than
three points might cause bending of the discs due to an over-defintion of the support points. By
distributing the force from a single primary support point to two secondary support points, as
shown in figure 9.1, it is possible to support the discs at more than three points to counter the
hydrostatic pressure without over-defining the supports. By stacking several of these so called
seesaw-lever force-balancing suspensions, the support of the discs can theoretically be scaled to
approximate the support by a continuous frame. The construction and implementation of such










Figure 9.1: Schematic of a seesaw-lever force-balancing suspension for the balanced distribution
of force on the discs, avoiding over-definition of the support points.
9.2 Development of Peripheral Elements
The development of the amplifier protoype during this project has produced the liquid cooled
core element of an amplifier segment. To achieve an operational state of the system, further
elements are needed. These elements include the development of liquid cooled flash lamps for
pumping, the design and construction of the reflector geometry and housing box of the amplifier
as well as the procurement and setup of the closed cooling system with reservoirs, pumps and
heat exchangers.
The emitted light from the flash lamps was identified as the primary source of thermal en-
ergy for the amplifier discs. However, thermal radiation emitted by the lamps after the pump
event further contributes to the heating of discs (see chp. 2.3.1).
To counter this thermal radiation, a cooling jacket around the lamps can be employed which
will also be necessary to reduce the thermal load on the lamps at increased shot rates. The
development of a water cooled flash lamp array has already begun at GSI with the prototype
setup shown in figure 9.2. This setup features ten flash lamps in a vertical array and will be
equipped with a reflector on one side and a transmission window on the other.
Figure 9.2: Prototype setup of the cooled flashlamps, showing an array of ten flash lamps in a
single water jacket.
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Water was chosen as the coolant for the flash lamps due to its high heat capacity and high
absorption in the infrared range, while offering good transmission qualities at the visible wave-
length regions [Kedenburg et al., 2012] required for pumping. The water will therefore provide
a shield against the thermal radiation of the hot flash lamps while mitigation of the pump light
will be minimal.
The light from the flash lamps is emitted over the full solid angle and has to be guided to
the amplifier discs. This requires the design of a housing box for the prototype module, the
flash lamps and a reflector geometry for the pump light. While earlier plans called for the use of
the legacy reflector design used at PHELIX, it is very likely that the changes to the geometry of
the disc mounting structure and the addition of the coolant piping will reduce the pump yield on
the discs. Therefore, a mid-term redesign of the reflector geometry to optimize the pump yield
would be beneficial to increasing the amplification factor of the module or reduce the strain on
the flash lamps by requiring less electrical power for the optical pump.
A further addition to the current setup necessary to test the operation of the cooling system
is the implementation of the closed coolant cycle. The schematic in figure 4.8 depicts the ba-
sic setup of such a system. While some early investigations of the requirements of the heat
exchanger as well as the thermal control unit for driving the coolant temperature profile have
been conducted, further development of the coolant supply system is needed to achieve opera-
tional status.
9.3 Validation Tests
To reach a conclusion about the performance of the developed liquid cooled amplifier system,
tests will have to be performed to determine the cooling behaviour and thus the repetition rate
of the system, the amplification gain of the prototype design as well as the transmission be-
haviour of the fully assembled setup.
A prerequisite to these tests is the optimization of the optical test bench at PHELIX to enable
quantitative analysis of the transmitted wavefronts. Using the optical test bench in combination
with an artificial heat source, the thermo-optic behaviour of the prototype can be investigated
prior to the implementation of the reflectors and flash lamps. However, a realistic measurement
of the achievable repetition rate requires the completed configuration since the thermal distri-
bution in the discs depends on the topology of the incomming pump light which will be difficult
to emulate using artificial heat sources.
Once the implementation of the flash lamps and reflectors is completed, further testing of the
amplification gain and transmission behaviour of the prototype can commence.
One concern with the current design are the reflections at the media interfaces which might
cause pre- and post-pulses in the laser. These pre-pulses could be especially problematic for ap-
plications sensitive to the temporal contrast of the laser pulse. One possible solution to reduce
the reflections would be wedged amplifier discs which would require a more complex manufac-
turing process and would thus lead to increased costs of the system.
A second concern are the transmission losses by the reflections and absorption in the coolant.
These losses could necessitate an adjustment of the pump power of the flash lamps to compen-
sate for the reduction in the effective gain.
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Thus, measurements of the wavefront evolution over several pulses, the temporal contrast of
the pulses as well as the amplification gain will have to be conducted to validate the prototype
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